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Abstract 
 
The sudden and often unpredictable occurrence of potentially toxic 
cyanobacterial blooms in agricultural irrigation water presents a human and 
animal health hazard internationally. The cyanobacterium Microcystis 
aeruginosa produces a range of protein-phosphatase inhibitory microcystins 
which are the only cyanotoxins for which the World Health Organisation 
currently produces action thresholds.  
 
Contact with irrigation water and irrigated food containing cyanobacterial 
toxins has caused human illness and livestock deaths, and a suspect relationship 
with chronic neurodegenerative human diseases including Parkinson’s and 
Alzheimer’s has been proposed.  
 
Environmental risk factors for sudden cyanobacterial blooms are, however, 
poorly researched, motivating the current study which took place in the main 
storage dam of the Hawkesbury Water Recycling Scheme in North-Western 
Sydney. The main aim of this research was to examine interaction of the key 
chemical, physico-chemical and climatological factors affecting stored, recycled 
wastewater intended for agricultural irrigation and relate them to blooms of 
Microcystis aeruginosa over a one-year period (March 2016- March 2017).  
 
Multiple regression analysis results showed statistically significant correlations 
between potentially toxic cyanophyte (M. aeruginosa) abundance and DO (p = 
0.002), and Total Organic Carbon (TOC) (p = 0.017) in a highly significant model 
(p = 0.006), with nine degrees of freedom. Significant correlations were not, 
however, obtained with algal-nutrient phosphate and nitrate in a range of redox 
states, suggesting that these were not growth limiting for toxin-producing 
bacteria in recycled water. This echoed an earlier research finding for 
enterococci in the same dam.  
 
Bivariate, linear regression supported these findings, in addition atmospheric 
temperature being identified as the most important climatological growth factor 
(r = +0.47). 
 
These findings are highly important in Australian dams due to an engineering 
strategy applied at sewage treatment plants (STP) to control both algae and 
cyanobacteria in water intended for discharge to receiving waters and for 
agricultural irrigation. The strategy involves encouraging denitrification by the 
addition of a high-carbon source such as soluble sludge organics or methanol in 
an anaerobic treatment environment. These research findings may explain the 
persistence of toxic blooms in algal-free environments following 
implementation of this practice.  
 
xi 
 
A number of recommendations are made future research to aid in planning 
interventions to avoid blooms and preserve the integrity of stored, recycled 
water supplies in Australia.   
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1. Introduction 
 
1.1. Project description 
 
This project is focused on identifying environmental risk factors for toxic blue-
green cyanobacterial blooms in stored, recycled wastewater intended for 
agricultural irrigation. 
 
Such blooms, which typically involve Microcystis aeruginosa in temperate 
climatic regions, have been known to cause death of livestock and 
contamination of irrigated food (Backer et al., 2015). In addition, they have been 
associated with blooms of a wide variety of other photosynthesising bacteria 
and algae which cause dam eutrophication and irrigation system chokage and 
which have come to be collectively known as Harmful Algal Blooms (HAB) (Am 
et al., 2016; Blottière et al., 2014; Liu et al., 2017; Sieroslawska et al, 2012). 
 
Data collection was carried out from March 2016 to March 2017 at the 
agricultural Hawkesbury Campus of Western Sydney University in Richmond, 
NSW. Here, in the Turkey Nest dam 93,000,000L of treated wastewater from 
Sydney Water's Richmond sewage treatment plant is stored for agricultural 
irrigation. This dam forms the first and largest storage dam in the network of 
dams making up the Hawkesbury Water Recycling Scheme (Derry, Attwater, & 
Booth, 2006). The project was funded by a competitive Researcher 
Development Funding grant awarded by Western Sydney University. 
 
Changes in toxic cyanobacterial levels were recorded in 42 sampling sessions of 
water from this dam (Refer to Figure 1.2. and Figure 1.3.). Data on the risk 
factors for the development of HABs in the dam were also collected during these 
weekly sampling sessions. Parameters included counts and indicators for 
cyanobacteria and other photosynthetic species of bacteria and algae, physical 
and chemical water quality factors, and climatological factors known to 
contribute to the growth of cyanobacteria and HABs in general (Derry & 
Attwater, 2014; Verma & Singh, 2011). Physico-chemical analysis using a field 
multimeter, and portable fluorometry analyses on the dam water were 
performed in the field by the research student, except where specified in Table 
2.1. Samples were also taken for three Faecal Indicator Bacteria (FIB) 
sometimes associated with algal and cyanobacterial growth. 
 
All other analyses were performed by a NATA accredited laboratory (ALS 
Environmental) to meet legal and monitoring standards. Detailed quality 
control information was provided with each certificate of analysis. The 
climatological database for the local Royal Australian Air Force (RAAF) 
meteorological station was obtained from the Buraeau of Meteorology (BOM).  
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All methods used had been applied in principle, sometimes with validation, in 
several overseas environmental studies involving stored water bodies (Harbott  
& Grace, 2005; Juniper, 1998; Palmer et al., 1993; Verma & Singh, 2011; Weis et 
al., 2007; Yakub et al., 2002). 
 
This study will support future research aiming to develop a comprehensive 
surveillance model to enable pre-emptive interventions. It should be noted that 
whilst data was collected and entered into the database for a wide range of 
cyanobacterial and algal species, the scope this study only covers the toxic 
cyanobacterial species, Microcystis aeruginosa as this is the only recommended 
proxy for toxic cyanobacteria in terms of the Australian and New Zealand 
guidelines for fresh and marine water quality (ANZECC/ARMCANZ, 2000). 
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1.2. Project motivation 
 
1.2.1. Cyanotoxins 
 
Many inland water bodies routinely deal with harmful loads of cyanotoxins 
(Hense & Beckmann, 2010). Certain cyanobacterial species have been proven to 
produce some of the most potent toxins found in nature. They contribute to a 
wide range of serious health concerns in humans, farmed animals, pets and 
wildlife alike, as well as the potential lowering of irrigated food quality (Backer 
et al., 2015). 
 
Table 1.1. Common cyanotoxins affecting freshwater sources. 
Cyanotoxin Health impacts Commonly implicated 
cyanobacteria 
Microcystins Abdominal pain, 
vomiting and 
diarrhoea, liver 
inflammation and 
haemorrhage, acute 
pneumonia, acute 
dermatitis, liver 
cancer, liver failure, 
death 
Microcystis 
Anabaena  
Planktothrix 
Anabaenopsis 
Aphanizomenon 
Oscillatoria   
Nostoc  
Cylindrospermopsins Abdominal pain, 
vomiting and 
diarrhoea, liver 
inflammation and 
haemorrhage, acute 
pneumonia, acute 
dermatitis, malaise, 
anorexia, liver failure, 
death 
Cylindrospermopsis  
Aphanizomenon  
Anabaena 
Lyngbya 
Rhaphidiopsis 
Umezakia 
Cyanobacterial LPS Abdominal pain, 
vomiting and 
diarrhoea, acute 
dermatitis, headache, 
fever, respiratory 
distress, allergy 
Anabaena 
Oscillatoria 
 
Anatoxin-a Tingling, burning, 
numbness, 
drowsiness, 
incoherent speech, 
respiratory paralysis, 
heart attack, death 
Anabaena 
Planktothrix 
Aphanizomenon 
Cylindrospermopsis 
Oscillatoria 
 
(Backer et al., 2015; HARRNESS, 2005; Keleti & Sykora, 1982; Sinden & Sinang, 
2016). 
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The widespread presence of cyanobacteria has led globally to cyanobacterial 
poisoning cases in all types of animals, including humans. In Australia, reports 
of human and animal poisonings have been occurring since the 1870s (Svircev 
et al., 2017). One notable case includes the identification of the potent 
hepatotoxin (affecting the liver), cylindrospermopsin in the Solomon Dam on 
Palm Island, Queensland. This toxin, produced by the species Cylindrospermopsis 
raciborskii, caused symptoms including vomiting, headaches, fever and bloody 
diarrhoea in the Aboriginal population (138 children and 10 adults) using the 
dam in the November of 1979 (Svircev et al., 2017). 
 
In 1981, a toxic bloom of Microcystis aeruginosa was observed in the Malphas 
Dam, another drinking water reservoir in Armidale, New South Wales. This was 
linked to a spike in the observation of concerning liver enzymes in the plasma of 
regional hospital patients that had used the dam during the bloom period 
(Svircev et al., 2017). 
 
Mass livestock fatalities have also been reported during blooms of toxic 
cyanobacterial species, especially along the banks of the River Murray (NSW) 
and around Lake Alexandrina in South Australia, ominously dubbed the 
“poisonous Australian Lake”. The lethality of cyanobacterial blooms in these 
waters was first demonstrated by George Francis, working as a chemist and 
assayer in 1878. By orally overdosing healthy sheep with scum comprised of the 
nodularin-producing Nodularia spumigena, he succeeded in replicating the 
poisoning symptoms of livestock that had died after drinking contaminated 
river and lake water (Svircev et al., 2017). Cyanotoxin poisoning cases affecting 
livestock exposed by direct consumption of water have continued to occur 
globally. A Montana (US) case where nine cow fatalities were reported 
immediately after drinking from a lake that was visibly affected by a HAB is a 
more recent example of these cases (Backer et al., 2015). 
 
Human health outcomes can vary from mild, to fatal depending on the type and 
dose of toxin exposure (Descy et al., 2016). Health issues arising from exposure 
to cyanotoxins include gastrointestinal, liver, neurologic, dermatologic, and 
respiratory symptoms (Backer et al., 2015; Freeman, 2010; Sieroslawska et al., 
2012). Neurological symptoms include weakness and confusion, and general 
symptoms include fever and fatigue (Backer et al., 2015). Dermatologic 
symptoms such as rashes, blisters, and itching, and gastrointestinal distress, 
incorporating nausea and vomiting are common exposure signs, with children 
being most at risk, as they tend to spend more time swimming and accidentally 
swallowing contaminated water than adults, representing the most exposed 
individual (MEI) and most sensitive individual (MSI) in toxicological terms  
(Backer et al., 2015; Freeman, 2010). 
 
Recent toxicological studies are indicating that there is a potential link between 
the cyanotoxin, β-N-methylamino-L-alanine (BMAA) and neurodegenerative 
diseases including amyotrophic lateral sclerosis, Guamanian ALS/PDS, 
Parkinson’s disease and Alzheimer's disease (Merel et al., 2013). A hypothesised 
mechanism is the inhibition of the glutamate receptors of motor neurons by 
BMAA, resulting in protein misfolding within neurons- a key characteristic of 
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neurodegeneration (Cox, Kostrzewa, & Guillemin, 2018; Merel et al., 2013). This 
is a concerning development, given that BMAA is produced by all known groups 
of cyanobacteria (Merel et al., 2013).  
 
Some strains of cyanobacteria such as the ubiquitous genus, Microcystis 
aeruginosa (PTC) form dense surface scums and produce highly stable 
microcystins. Distribution analysis in Perth has revealed that this species, along 
with Microcystis flos-aquae is the most common bloom-forming cyanobacterial 
species in the Perth wetlands, with common bloom eruptions occurring in the 
Canning River since 1993 (John & Kemp, 2006). Microcystins are hepatotoxins, 
so the most commonly affected organ in microcystin poisoning is the liver. 
These exotoxins are released into the water body late in bloom formation as 
well as after cellular death of the organism (Backer et al., 2015; Blottière et al., 
2014; Sieroslawska et al, 2012).  
 
Health surveillance conducted in America found that of 3301 samples tested for 
toxins, microcystins, saxitoxins and anatoxin-a were found in 80%, 9%, and 7% 
of samples respectively, making cyanotoxins the most common type of toxin 
found in these samples in the water bodies tested (Backer et al., 2015). 
Freshwaters make up the majority (96%, n=3301) of reported water-related 
exposures to harmful cyanobacteria (Backer et al., 2015). Cyanotoxins affect 
human health by direct contact with contaminated water, through drinking, 
inhalation or skin exposure during work-related or recreational activities. These 
types of exposures made up 40% (n=3301) of poisoning reports (Backer et al., 
2015).  
 
Poisoning can also occur via consumption of food items exposed to toxic water 
sources (60% of poisoning reports, n= 3301) (Backer et al., 2015). Fish and 
seafood including finfish and shellfish are the most commonly affected food type 
leading to especially devastating impacts on the aquaculture industry (Backer et 
al., 2015). The main risk is cyanotoxins such as microcystins which build up in 
the tissues of fish, potentially resulting in liver damage to humans who consume 
the contaminated fish. These toxins were responsible for large scale fish kills in 
countries such as Bangladesh and USA (Sinden & Sinang, 2016).  
 
Soil contamination of cyanobacterial microcystins has been found to reduce the 
soil biodiversity, negatively impacting on plant development. Bioaccumulation 
of these microcystins has also been demonstrated in various crops, including 
rice grains, water chestnuts, lettuce plants, tomato roots and leaves, as well as in 
the fruits of Capsicum annuum and some species of tomato plants, such as L. 
esculentum (Corbel, Mougin & Bouaïcha, 2014; Corbel et al., 2016). This 
presents an additional human health hazard. Improperly washed salad 
vegetables also present a source of exposure for cyanobacterial toxins, due to 
the possibility of contaminated irrigation water settling in the folds and on the 
surfaces of edible leaves or fruits (Backer et al., 2015). 
 
Without pre-treatment, ultrafiltration techniques (membrane filtration methods 
used to remove potentially harmful algal and cyanobacterial species from 
drinking water reservoirs) may increase cyanotoxin load in the filtered water as 
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a result of cell lysis on the membrane. Furthermore, only 70% of these 
cyanotoxins can be shown to be removed by ultrafiltration membranes (Liu et 
al., 2017).  
 
To reduce the impacts of membrane fouling from cyanobacterial cake layer 
accumulations and extracellular organic material pore blockages, a number of 
different techniques including coagulation, ozonisation and Biologically 
Activated Carbon (BAC) adsorption have the potential to pre-treat water 
impacted by cyanobacterial blooms (Liu et al., 2017).  
 
The efficacy of Biological Activated Carbon in pre-treating biologically treated 
secondary effluent containing algal organic matter (extracted from M. 
aeruginosa) has also been investigated in order to reduce microfiltration fouling 
(0.1 mm PVDF) (Pramanik, Roddick, & Fan, 2015).  
 
These preliminary results were encouraging, showing that after BAC was added 
to biologically treated secondary effluent, membrane fouling was significantly 
reduced. This is because the activated carbon aided in biopolymer breakdown 
and removed humic substances from the effluent by adsorption. For a 
laboratory experiment, the researchers observed excellent results when 
combining the two methods, with the BAC producing a greater than 90% 
reduction in MC-LR, leaving the membrane to easily reject the remaining toxin 
dissolved in the effluent (Pramanik, Roddick, & Fan, 2015).  
 
With the operational and capital costs of biological treatment methods being 3–
10, and 5–20 times cheaper compared to chemical treatment options 
respectively, BAC is potentially a more viable pre-treatment option than 
coagulation. However, as we do not yet know whether this result can be 
achieved in more complex scenarios such as in large scale environmental 
cyanobacterial blooms, this technique would need to be further investigated in 
the field in order to validate the method (Pramanik, Roddick, & Fan, 2015). It 
should be noted, however, that while granular activated carbon may be effective 
for microcystin removal, the Environment Protection Authority (EPA) does not 
recommend it for removal of other cyanotoxins, such as anatoxin-a and 
cylindrospermopsins (EPA, 2014).  
 
1.2.2. Industrial and agricultural impacts  
 
Cyanobacterial growth rates have been of interest for a variety of reasons, as 
they can negatively affect aquaculture, as well as civil, industrial, agricultural 
and recreational water sources (Cao et al., 2006). In the water supply industry, 
knowledge gaps in cyanobacterial risk factors means that there are inadequate 
control measures available for blooms forming in dam systems (Derry, & 
Attwater, 2014; Derry, Attwater & Booth, 2006).   
 
Agricultural impacts routinely occur with blocked pumps and filters, as well as 
the development of odour and safety issues which stall supply. This increases 
the cost of upkeep of dams and limits water availability as suppliers are forced 
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to temporarily switch water supplies during cyanobacterial blooms. Australian 
dams accepting recycled wastewater effluent also sensitive to the issues 
associated with the development of Harmful Algal Blooms (HABs) (Derry, & 
Attwater, 2014; Derry, Attwater & Booth, 2006).  
 
Faecal indicator bacteria (FIB) provide an indication of the risk for survival of 
potentially pathogenic species of enteric pathogens in water bodies (Heymann, 
2015). The enhancement of FIB survival through the protection of FIB from 
solar UV irradiation in coastal filamentous algal species was supported by a 
laboratory study in America (Beckinghausen et al., 2014). Algal species from 
environmental beach samples and selected FIB were cultured in the laboratory 
over twelve days, treated with natural sunlight and enumerated several times 
over the course of those days.  
 
These tests revealed that in the presence of a nuisance filamentous algal species 
(Cladophora spp.), FIB could survive for longer periods of time when compared 
to isolated cultures of FIB.  It is possible that the creation of the biofilm-like 
structure observed protected the bacteria from environmental stressors.  
Another laboratory study demonstrated that algal blooms could support FIB 
populations in other ways with heterotrophic bacteria taking up algal exudates 
as a method of growth and survival (Gu & Wyatt, 2016). 
 
The results of the FIB studies pose a question as to the accuracy of FIB testing 
for the presence of faecal matter in water (Beckinghausen et al., 2014; Gu & 
Wyatt, 2016). The significance of this question lies in the fact that FIB are used 
routinely as indicators for the presence of faecal matter and therefore 
potentially harmful pathogens in water samples; so the potential for false 
negatives and positives is of concern for two different reasons. False positives 
could lead to good quality water being unnecessarily withheld from 
communities and industries in need, and false negatives could expose 
communities or farmlands to harmful pathogens. Neither of these are 
favourable outcomes in the agricultural industry and may lead to ongoing health 
and cost issues when dealing with potentially contaminated water sources 
(Derry & Attwater, 2014; Staley, Rohr, & Harwood, 2011). Considering that the 
results revealed that the FIB were protected by the algae, further study is 
needed to explore how closely these laboratory studies translate in recycled 
wastewater dams in Australia (Beckinghausen et al., 2014). 
 
1.2.3. Environmental impacts of toxic cyanobacterial blooms 
 
Toxic cyanobacteria occur seasonally at some level in lakes, ponds, dams, rivers 
and brackish waters internationally (Corbel et al., 2016; Hense & Beckmann, 
2010). A health surveillance study on multiple types of significant water bodies 
in America identified cyanobacteria in 73% of samples tested (Backer et al., 
2015). Furthermore, they identified three strains, Anabaena spp., Microcystis 
spp., and Aphanizomenon spp., in 20%, 7%, and 7% of samples respectively. 
These were the most commonly reported cyanobacteria to cause problems in 
water bodies across the country (Backer et al., 2015).  
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In addition, because of global warming, there is mounting evidence that certain 
species of cyanobacteria are increasingly found in locations around the world 
(Sinden & Sinang, 2016). For example, the species, Cylindrospermopsis 
raciborskii, which was mostly found in Australia, America, Brazil and Hungary is 
now adapting to more varied conditions in lakes across Europe, such as those in 
France and Portugal. This is an issue because many cyanobacterial strains are 
toxic. An Australian strain produces the mammalian cytotoxin, 
cylindrospermopsin while a common Brazilian strain is notorious for producing 
paralytic shellfish poisoning (Burford, McNeal & Smith, 2006; Hense & 
Beckmann, 2010).  
 
Cyanobacteria are a major group of organisms implicated in the downgrading of 
water bodies caused by HABs. Certain cyanobacterial colonies may produce 
toxins that result in harmful or even deadly intoxication of agricultural animals, 
wildlife, and in rarer cases, humans (Am et al., 2016; Blottière et al., 2014; 
Sieroslawska et al, 2012).  
 
Eutrophication is a general issue in algal and cyanobacterially affected water 
systems. This refers to the proliferation of microscopic and macroscopic algal 
and cyanobacterial populations in nutrient-rich water, providing food and 
attachment for aerobic bacteria, resulting in oxygen depletion. This results in 
deaths and biodiversity loss of ecologically important aquatic species such as 
macroinvertebrates, fish and amphibia (Hense & Beckmann, 2010). 
One study conducted on Pokkali shrimp ponds in Kerala, India led to the 
observation of significant changes in the physico-chemical profile of the water 
during bloom events (Am et al., 2016). Parameters included temperature, 
salinity, phosphate, total ammonia nitrogen (TAN), nitrite and nitrate as well as 
algal levels (Am et al., 2016).  
 
Dissolved Oxygen (DO) showed unusually large fluctuations, with an extremely 
anoxic water column in the morning and hypoxic column in the afternoon. This 
was hypothesised to be due to predominance of respiratory and photosynthetic 
activity within the diurnal cycle, with algal and cyanobacterial scums preventing 
the surface dissolution of atmospheric oxygen. Photosynthetic processes during 
the daylight hours partially or fully counteract this anoxic effect produced 
overnight (Backer et al., 2015; Shi et al., 2007b).  
 
The negative impacts of the overnight anoxic conditions lead to various 
problems within the water matrix. For example, low Dissolved Oxygen (DO) is 
cited as the cause of 32% of fish kill events in America (Backer et al., 2015). 
Other causes of algae- and cyanobacteria-related fish kills include gill clogging 
and cyanotoxin poisoning (Sinden & Sinang, 2016). 
 
Other water parameter changes noted as a result of algal and cyanobacterial 
bloom include a marked rise in the pH, TAN concentration and a greater 
diversity of heterotrophic aerobic bacteria (Am et al., 2016).   
 
1.2.4. Imperative for wastewater recycling in Australia 
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Given the potentially increased threat of HAB in high nutrient water, one might 
challenge the safety of increasing water recycling in Australia. Australia is, 
however, a generally a dry country, and on the Eastern seaboard the ENSO 
climatological effect exacerbates this by introducing high rainfall variability. 
There is therefore an imperative for wastewater recycling and for an improved 
understanding of algal and cyanobacterial growth in stored water, to facilitate 
this (Derry, 2014). With Australia’s extreme climate variability and dryness 
threatening water security within key agricultural areas, an increasing need for 
research into safe recycled water storage has been identified.  
 
Australia is the second driest continent in the world after Antarctica and uses 
75% of its available water for irrigating agricultural crops. This is highly 
demanding on the country’s water supply considering that only 9% of its urban 
effluent is recycled (Attwater, Anderson and Derry, 2016). The progress of 
efforts aiming to integrate recycled water into agricultural water supply chains 
have been previously hindered by safety concerns regarding pathogenic 
microbial and toxic cyanobacterial growth within existing systems in Australia, 
leading to over- chlorination and rejection of recycled wastewater sources 
(Derry, 2014). This has been extensively highlighted by the large eruptions of 
algal and cyanobacterial growth in wastewater recycling systems during 
Australia’s millennium drought between 2001 and 2003. There have also been 
issues with HABs between 2000 and 2010 when Australia experienced a 
significant reduction in precipitation events compared to previous decades 
(Derry et al., 2006; Derry & Attwater, 2014; Derry, 2014).  
 
1.3. The Hawkesbury Water Recycling Scheme (HWRS) 
 
The research was carried out using the infrastructure of the Hawkesbury Water 
Recycling Scheme (HWRS) as operated by the Office of Estates and Commercial 
of Western Sydney University. The Hawkesbury Water Recycling Scheme 
(HWRS) supporting the agricultural activities on the Hawkesbury Western 
Sydney University campus in Richmond, NSW Australia, has been accepting 
chlorinated, unfiltered (tertiary treated) effluent from the Richmond Sewage 
Treatment Plant into its dams for over 40 years. Many uses are made from this 
resource, including the irrigation of pastures (feeding sheep, pigs, dairy cattle, 
deer and horses), fruit orchards, koala food plantations, vegetable beds, 
landscaping, lawns and vegetable beds (Derry, & Attwater, 2014; Derry, 
Attwater & Booth, 2006; Western Sydney University, 2010).  
 
Since the campus is situated on NSW Department of Mines and Agriculture 
Crown land, the success of the University relies heavily on agricultural activities 
and by extension, the HWRS. Therefore, the water needs routine monitoring for 
chemical and microbiological quality, and every effort must be made to ensure 
that the cyanobacterial toxin load is kept below safety thresholds at all times 
(NSW Government, 2006; Western Sydney University, 2016; Western Sydney 
University, 2017).  
 
Previous monitoring of the HWRS dam system played a major role in the design 
of this pilot study and the selection of the Turkey Nest Dam for study (Derry, 
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Attwater & Booth, 2006). With the aim of safeguarding the health of the 
population at Western Sydney University, Hawkesbury Campus, university 
researchers performed a health-risk assessment on the dam system wastewater 
used to water pastures and crops on the premises. This risk assessment was 
compiled by converting qualitative to quantitative data via categorical ranking 
tables, and by collecting a range of social, biophysical and environmental data 
(Derry, Attwater & Booth, 2006).  
 
Preliminary results indicated that the water quality of Turkey Nest Dam, with 
the capacity of 93,000m3 and holding the first dam position along the dam 
system supply line, was a significant indicator of water quality further along the 
treatment chain (Refer to Figure 1.1. for diagram of layout for the HWRS dam 
system).  
 
Turkey Nest Dam produced a marked reduction in Total Coliforms and turbidity 
in the dam compared to the Effluent Receiving pond supplying the dam 
(Figures 1.3.1. and 1.3.2.). Further observations included an increase in BOD 
which indicated a nutrient unlocking process occurring, specifically of nitrogen, 
carbon and phosphorus, between these two water bodies. Algal blooms 
occurring in the next impoundment, Horticulture Dam, possibly resulted from 
this process. This health risk assessment resulted in Turkey Nest Dam being 
highlighted as a critical control point for further monitoring and risk analysis by 
projects including this thesis project. It also aided in the selection of key 
parameters to be included into the project database (Derry, Attwater & Booth, 
2006).  
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Figure 1.1. Schematic diagram of the Hawkesbury Water Recycling Scheme 
(HWRS), including dam capacities and sampling points within the system 
(Derry, Attwater, & Booth, 2006). 
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Figure 1.2. Aerial view of Turkey Nest storage dam, Richmond Water recycling plant and effluent receiving pond (Coordinates −33.610, 
150.763) [©2017 Google]. 
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Figure 1.3. Google Earth view of Turkey Nest storage dam and outlet sampling 
tap near the Turkey Nest dam (Coordinates −33.610, 150.763) [©2017 Google]. 
 
 
 
1.4. Literature review 
 
1.4.1. Chemical risk factors for M. aeruginosa growth 
 
Phosphorus 
Microcystis aeruginosa is a common non-nitrogen fixing cyanobacterium and 
was the primary toxic cyanophyte isolated from the dam during the course of 
this thesis project (Antenucci et al., 2005; Hense & Beckmann, 2006). As 
discussed elsewhere it is the only proxy indicator of toxic cyanobacteria named 
in relevant national guidelines for Australian study (ANZECC/ARMCANZ, 2000). 
Understanding how this particular species responds to environmental 
influences was important in identifying which primary chemical and 
climatological factors should be included in the HWRS study. 
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Varied results on the limiting role of nutrients on different algal and 
cyanobacterial species in the literature led to the investigation of the role of 
nutrients on the growth of Microcystis aeruginosa in this thesis study. HABs are 
generally considered to be triggered by the enrichment of the water from plant 
growth nutrients, with nitrogen and phosphorus being incriminated most 
frequently. These nutrients are considered to be significant growth parameters, 
because nitrogen is utilised for protein synthesis and phosphorus is used in the 
production of DNA, RNA, and phospholipids, as well as the main nucleotide 
cofactors which aid in cellular energetics (Am et al., 2016; Li et al., 2015). 
 
Phosphorus (P) has long been cited as the main limiting nutrient for 
cyanobacterial growth, as its restriction is known to limit Chlorophyll-a 
production, a key molecule in the process of photosynthesis (Li et al., 2015). It is 
for this reason that P restriction has been used as a control mechanism for HAB 
in eutrophic freshwater lakes, with varying degrees of success. There are two 
types of dissolved phosphorus available in water bodies that the 
cyanobacterium, M. aeruginosa could utilise: Dissolved Organic Phosphorus 
(DOP) (made available through the breakdown of organic molecules such as 
antibiotics, glycolipids and glycoproteins), as well as Dissolved Inorganic 
Phosphorus (DIP) [also referred to as Orthophosphate or Soluble Reactive 
Phosphorus (SRP)].  
 
Whilst DIP is generally understood to be the most important phosphorus source 
for cyanobacteria, the availability of DOP through a combination of agricultural 
and to a lesser extent, urban runoff, as well as a release of DOP from 
surrounding sediments, makes DOP a potentially more readily available P 
source (Li et al., 2015). It has been hypothesised that M. aeruginosa could 
potentially overcome P limitation by synthesising the enzyme, Alkaline 
Phosphatase (AP) in order to mineralise and thus utilise DOP when DIP has 
been depleted (Li et al., 2015). For this reason, both forms of P are essential for 
consideration in this thesis study. 
 
In a laboratory study in China, the interaction between Alkaline Phosphatase 
Activity (APA) and Total Phosphorus (TP, or DOP and DIP combined) were 
studied in culture during the growth phase of M. aeruginosa (Li et al., 2015). 
This was done by first starving the cells of P, then placing them in separate 
cultures containing two different types of DOP as well as DIP (b-glycero-
phosphate [b-GP], adenosine triphosphate (ATP–P), and orthophosphate were 
used respectively) at varying concentrations (each at 0.1, 0.5, 1.0, 2.0, and 4.0 
mg L-1) in triplicate. The changes in TP in these cultures were then measured 
against a combination of growth parameters, such as cell counts, growth rates 
and P utilisation efficiency for M. aeruginosa to elucidate the interaction 
between APA and TP. The results of this study suggested that M. aeruginosa 
could, in fact use DIP as well as DOP when P is limiting in order to continue 
growing.  
 
One coping mechanism suggested was that this organism could stockpile a store 
of cellular phosphorus so that growth rates do not suffer immediately. APA 
production was not a constant process and could be adapted to suit the needs of 
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M. aeruginosa cells. For example, as DIP increased, APA decreased, as this 
process is costly and only beneficial when DIP is low. However, as expected, as 
DOP increased, the APA would subsequently increase if TP was depleted. This 
study, whilst insightful, was deemed as a preliminary study by the authors who 
hoped that combined with future studies this experiment could be important in 
developing a fuller understanding of how HABs survive, particularly in lakes 
where DIP has been depleted (Li et al., 2015). It was therefore decided that 
simply measuring inorganic phosphorus was inadequate for this thesis study, 
and data on organic forms of P were also included into the database. 
 
Due to the day- and night-time photosynthesis/respiration cycles creating a 
simultaneous cycle of oxygen saturation and anoxic conditions, the redox 
potential of the water can be significantly affected during these cycles. Redox 
potential can also be positively influenced by sediment resuspension under 
wind and wave action, with calm periods helping to lower the redox potential 
again (Shi et al., 2007b). These redox potential fluxes in turn can affect the 
capacity of cyanobacteria to assimilate and utilise phosphate, and their 
adaptation to these conditions plays an important role in species survival and 
competitiveness during HAB formation (Antenucci et al., 2005; Burford, McNeal 
& Smith, 2006; Shi et al., 2007b). It has been established that M. aeruginosa 
possesses a superior phosphate acquisition ability and that they can store 
cellular phosphate, but the mechanism behind how this species survives under 
varying redox potentials had previously not been known prior to the 2007 
laboratory study (Antenucci et al., 2005; Burford, McNeal & Smith, 2006; Li et 
al., 2015; Shi et al., 2007b).  
 
In this laboratory study, three cultures of M. aeruginosa cells were exposed in 
triplicate to differing diel redox potential fluctuations in China (Shi et al., 
2007b). Phosphate metabolism and growth rates were then examined by cell 
density counts, microelectrode analysis for redox potentials, water phosphate 
concentration assays, and assays of cellular Polyphosphate (PolyP), polyglucose 
and DIP of the M. aeruginosa.  
 
PolyP, synthesised from DIP, is one of the forms of phosphorus that can be 
accumulated in a M. aeruginosa cell. Other forms include soluble 
orthophosphate [or Dissolved Inorganic Phosphorus (DIP)], as well as structural 
and other organic forms of phosphorus (DOP). While a comprehensive 
understanding of the physiological function of PolyP in M. aeruginosa has not 
yet been elucidated, its use has been linked to cellular functions such as energy 
and phosphate storage, divalent cation chelation, use as a structural material in 
capsules and channelling during bacterial transformation (Shi et al., 2007b). 
 
The Total Phosphorus (TP) content in M. aeruginosa was observed to decrease 
in darkness, and increase in light, indicating that the cells probably release 
phosphorus in darkness and uptake phosphorus during the day. PolyP, on the 
other hand was found to accumulate in darkness but decrease in high light, 
conditions. Therefore, it was concluded that throughout this release and 
accumulation cycle, DIP is sequestered as PolyP in the cytoplasm so that cellular 
DIP and H+ concentration is maintained. It is also suggested that the rapid 
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release of DIP may stimulate cellular synthesis of PolyP in M. aeruginosa. The 
energy source for the synthesis of PolyP in M. aeruginosa was attributed to the 
night-time fermentation of polyglucose accumulated in the cell during the day at 
generally low redox potential; redox potential was shown to increase with 
increased light availability. With PolyP synthesis ensuring that DIP 
concentration is stored in adequate concentrations in the cell at all times, this 
process can be considered a metabolic buffer for P storage. 
 
This metabolic buffering may help to explain why toxic M. aeruginosa blooms 
could survive for long stretches of time both in the water and sediments of the 
lake under unfavourable conditions, such as in low-light, low-redox conditions 
or high diel differences in redox potential, as well as when the water is rich in 
organic matter. Another survival mechanism for this species may include the 
sinking of the M. aeruginosa scums into the sediment during the autumn season, 
where they remain throughout the winter as vegetative cells. Here, these cells 
remain viable for long enough to allow them to re-inoculate the water column 
during the more favourable spring conditions (Shi et al., 2007b). This buffering 
potential also contributed to the need to investigate phosphate more as a risk 
factor for M. aeruginosa growth during this thesis study. 
 
Nitrogen 
Nitrogen is another important nutrient deemed essential for algal and 
cyanobacterial growth. Increases in concentrations of dissolved organic 
nitrogen, along with DOP have been associated with the increased bloom 
competitiveness of cyanobacterial species in Florida Bay, USA in 2002 (Glibert 
et al. 2004).  
Urea is a nitrogen-rich molecule used widely as a fertiliser in the agricultural 
industry. This substance readily accumulates in water bodies from agricultural 
run-off and natural sources (Wu et al., 2015). Whilst urea has been linked to the 
increased growth rate of several phytoplankton such as the saxitoxin-producing 
Alexandrium tamarense (responsible for the most reported paralytic shellfish 
poisoning cases) an assessment of the impact of urea on the growth-rate and 
toxin production of Microcystis aeruginosa was performed in a 2015 study (Li et 
al., 2014; Tsuchiya et al., 2014; Wu et al., 2015). 
 
The study design was similar to that used by the phosphorus metabolism study 
in China (Li et al., 2015; Wu et al., 2015). It involved first starving pure cultures 
of M. aeruginosa (isolated from Dianchi Lake, China) of nitrogen and placing 
them into separate 2 L BG-11 mediums containing varying concentrations of 
urea (0.4 mmol-N L-1, 0.7 mmol-N L-1, 1.4 mmol-N L-1 and 3.6 mmol-N L-1) 
instead of nitrate (Wu et al., 2015). Subsamples were then collected in triplicate 
every 3 days over the course of 20 days to analyse for the hepatotoxin, 
Microcystin-LR (MC-LR), conduct cell counts and measure nitrogen 
concentrations. The molecular structure of the MC-LR produced by M. 
aeruginosa over 18 days was investigated in a separate 15N labeling experiment 
using Liquid Chromatography-Mass Spectrometry (LC/MS, TSQ Quantum) and 
an 15N isotopic tracer.  
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The urea was subsequently found to have a positive effect on M. aeruginosa 
growth at low concentrations (0.4 mmol-N L-1, 0.7 mmol-N L-1, and 1.4 mmol-N 
L-1), and a negative effect at the higher urea concentration of 3.6 mmol-N L-1 
compared to a negative control. Phytoplankton and other microbes have the 
ability to first hydrolyse urea to ammonium (NH4+), and to assimilate urea 
directly into the cell using extracellular enzymes. Cyanobacteria and 
heterotrophic bacteria share this ability by using urea amidolyase (UALase) and 
regulating urease to convert urea-N to NH4+. 
 
Similar to the observed growth rates, MC-LR production increased 3.0-3.8-fold 
compared to the negative control by day 18, and MC-LR production was 
restricted at the higher urea concentration of 3.6 mmol-N L-1. These results 
revealed the possibility of M. aeruginosa to use urea-N in the synthesis of the 
MC-LR hepatotoxin by hydrolysing the molecule into ammonia, carbon dioxide 
and water with the enzyme, urease. This decrease in cell function at high urea 
concentrations, however, could be due to cell damage caused by the high 
osmotic stress exerted by the increased ammonium ion outside the cells, and 
while M. aeruginosa can passively uptake these NH4+ molecules into the cell, 
they may not be used for growth or MC-LR production as a result of water and 
cell function loss (Wu et al., 2015).  
 
The uptake rates of multiple forms of nitrogen, including urea, ammonium, 
nitrate and nitrite (CH4N2O, NH4+, NO3−, and NO2-) by Microcystis aeruginosa 
were also studied in the laboratory the following year by another research team 
in China and this drew similar conclusions (Li et al., 2016).  
 
M. aeruginosa cells were exposed to three different concentrations (1.2, 3.6 and 
6.0mg L−1) of each form of nitrogen in triplicate, and samples were taken seven 
times over the course of 11 days (days 0, 1, 3, 5, 7, 9, and 11) to measure cell 
densities, nitrogen concentrations, nitrate reductase, glutamine synthetase, and 
nitrite reductase. The bioavailability of each form of nitrogen to M. aeruginosa 
was ranked as urea, nitrate, nitrite and ammonium in decreasing order, though 
there was evidence of excess cellular nitrite accumulation, since the uptake 
rates exceeded the growth rates of the M. aeruginosa cells in these treatments.  
 
The enzymatic activities of nitrate reductase, glutamine synthetase, and nitrite 
reductase were especially high in the urea treatments, indicating that this 
species could effectively decompose urea to ammonium to facilitate growth. An 
excess of ammonium however, showed a similar effect to that shown in the 
previous study, in that the test concentrations of NH4+ inhibited M. aeruginosa 
growth rates. The results obtained by these two studies offer valuable insights 
into the effect of nitrogen on M. aeruginosa cell growth in various forms (Li et 
al., 2016; Wu et al., 2015). 
 
As with the climatological risk factors, studies investigating the impact of 
chemical risk factors on the growth of algal and cyanobacterial species other 
than M. aeruginosa were informative in the design of the HWRS project. The key 
risk factors observed for algal growth on the Pokkali shrimp farm in India were 
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low flow rates and high nutrient concentrations sourced from nearby housing 
areas to the farm (Am et al., 2016).  
 
Some studies investigated the unexpected observation of increased growth of 
the toxic cyanophyte, Cylindrospermopsis raciborskii after water destratification. 
These investigations suggested that it is due to superior phosphate acquisition 
ability, though the effect of nitrogen availability on C. raciborskii dominance had 
been less studied (Antenucci et al., 2005; Burford, McNeal & Smith, 2006).  
 
It was for this reason that a 2006 study aiming to investigate the role of 
nitrogen fixation, and the relative contribution of atmospheric and dissolved 
nitrogen forms in promoting the growth of Cylindrospermopsis raciborskii in the 
subtropical North Pine water reservoir, Queensland, Australia was conducted 
(Burford, McNeal & Smith, 2006).  This study also aimed to uncover the reasons 
surrounding Cylindrospermopsis raciborskii’s competitive advantage over other 
species observed during bloom events in the reservoir.  
 
The investigation was done through an eight-year study involving a 
combination of analyses. These include collecting historical water quality data, 
as well as biweekly and monthly water sampling to measure phytoplankton and 
nutrient levels respectively. An automated logger recorded parameters such as 
pH, temperature, conductivity, oxygen and turbidity, whereas Sedgewick Rafter 
counting chambers, under a phase-contrast microscope was used to enumerate 
the cyanobacteria. In order to determine nitrogen uptake and fixation, 15N-
nitrogen uptake and nitrogen fixation experiments were performed six times 
over the course of a year. The acetylene reduction method was used, involving 
exposure of cyanobacterial cultures to various concentrations for each 
treatment of either 15N-ammonium chloride or potassium nitrate. The cells 
were then harvested and the 15N/14N isotopic ratio and carbon and nitrogen 
percentages measured using Gas Chromatography- Flame Ionisation Detector 
(GC-FID) and Mass Spectroscopy (Burford, McNeal & Smith, 2006). 
 
The major findings included high total nitrogen: phosphorus ratios, (65:1) 
(Redfield molar ratio= 16:1), suggesting phosphorus limitation for less efficient 
algal species. While phosphate levels remained near detection limits and 
fluctuated minimally both seasonally and between the surface and bottom, 
ammonium and nitrate levels were highly variable and highest at the bottom 
levels compared to the surface. Nitrate levels tended to rise throughout the late 
summer months through to winter, and ammonium concentrations increased in 
the warmer months and fell for the rest of the year (Burford, McNeal & Smith, 
2006). This phosphorus limitation for the less efficient algal species poses a 
further reason for the scrutiny of its role in M. aeruginosa growth in this thesis 
study, to elucidate whether stored levels of P would give this species a survival 
advantage over other species. 
 
Correspondingly, C. raciborskii levels peaked and sometimes even dominated 
the algal community during the summer months. Ammonium uptake rates were 
higher than the nitrate uptake rates in summer but remained similar in winter 
and spring. The nitrogen uptake experiments revealed turnover times as 
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follows: 0.3-5.8h for ammonium, 3.5-218h for nitrate, and 1.9-7.2h in summer 
and 24.3-25.5h in winter for particulate nitrogen. Ammonium uptake rates 
varied little at low and high light conditions, and primary productivity peaked in 
low light conditions (10-20%) (Burford, McNeal & Smith, 2006).  
 
These results revealed that Cylindrospermopsis raciborskii perform best in low 
light but can take up dissolved nitrogen (ammonia and nitrate) across most 
lighting conditions. With ammonium being the preferred nitrogen source over 
nitrate and nitrogen fixation (least preferred), combined with the rapid 
turnover rate or ammonium, it has the potential to become temporarily 
depleted and nitrate would take over as a N source. Therefore, if the nitrogen 
was not limiting but phosphorus was, then N-fixation is not the main factor 
responsible for C. raciborskii dominance. Rather, it is their superior phosphate 
acquisition ability and preference to low light conditions (Burford, McNeal & 
Smith, 2006).  
 
These findings are generally supported by the Brisbane destratification study, 
with the conclusion that this superior phosphorus acquisition ability could 
explain C. raciborskii dominance before destratification, whilst its competitive 
advantage under low light conditions, as opposed to nitrogen fixation ability, 
drove its continued dominance after destratification (Antenucci et al., 2005; 
Burford, McNeal & Smith, 2006). These studies offer valuable insight into why 
destratification increased growth of certain species instead of reducing it and 
may contribute to the future development of more effective control measures 
against C. raciborskii and other cyanobacterial species. 
 
One question that remained ambiguous in the nitrogen fixation study was how 
well other cyanobacterial and algal species responded to the same nutrient 
limitation (Burford, McNeal & Smith, 2006). The conclusion that nitrogen 
fixation was not the main mechanism used by this cyanophyte for gaining a 
competitive advantage over other organisms is interesting and may explain why 
certain phytoplankton are limited by nitrogen and phosphorus at different 
times of the year, since these species rely on readily available forms of nitrogen 
for survival (Li et al., 2013). Alternatively, it might also explain why certain 
species survive despite there being major depletions in environmental 
concentrations of P and N throughout the year. In in Meiliang Bay of Lake Taihu, 
China N limitation was most pronounced in late summer, whereas P limitation 
became the main issue for phytoplankton during winter and spring after 
extensive nitrogen run-off in winter and spring increased N concentrations (Li 
et al., 2013). 
 
In fact, it was this winter-spring nitrogen loading as well as free orthophosphate 
detected in summer that was linked to Microcystis aeruginosa (toxic 
cyanobacterial) summer blooms (Li et al., 2013). On the other hand, historical 
research had previously observed that as well as warmer waters, low levels of 
the nutrients, nitrogen, phosphorus and carbon actually allowed cyanobacterial 
species to dominate over green-algal species, as they could outcompete them for 
these nutrients (Bush and Welch, 1972). It was seasonality, location, 
temperature and light intensity, rather than low nutrients that were found to 
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have a greater influence on algal blooms in Lake Taihu, and these were deemed 
as the most important factors contributing to algal and cyanobacterial 
overgrowth (Li et al., 2013). With conflicting evidence in regard to what makes 
cyanobacteria thrive in aquatic environments, this presently adds an extra layer 
of uncertainty to risk factor analysis across the world. 
 
The 2006 nitrogen fixation study provided many useful insights into the 
responses of C. raciborskii to the relative abundance of different nitrogen 
sources (Burford, McNeal & Smith, 2006). The authors themselves state, 
however, that inhibition effects exerted by C. raciborskii on other algal species, 
and deterrence of grazers via toxins also warrant further investigation as 
possible factors supporting C. raciborskii dominance. This begs the question of 
how we know whether it is nutrient limitation and low light availability alone 
that offered C. raciborskii a distinct advantage, or if other risk factors are just as 
important. Perhaps the Australian environmental conditions may also alter 
these limiting factors, bearing in mind that other factors such as light intensity 
could affect algal responses to nutrient limitations in laboratory algal cultures 
(Ahlgren, 1988; Burford, McNeal & Smith, 2006).  
 
Other Nutrients 
Of particular interest is a modelling study on algal nutrient (C, N, P, Ca, Mg, K, 
and N) fixation and their limiting factors in flooded rice fields in the 
Thessaloniki plain in Greece (Aschonitis et al., 2013). Here, sampling sessions 
were conducted on intrinsic algal nutrient content in the experimental rice plots 
several times a month over the course of a four-month growing season. This 
study was limited to mainly nutrient, temperature and light effects on algal 
growth; nutrient limitation was determined by assessing nutrient fixation using 
modelling techniques.  
 
The results of the study revealed that the rice fields supported significant 
numbers of mostly green algae and that nutrient fixation in this system was 
highly efficient. The proportions of nutrients used in algal nutrient fixation were 
reported as: Carbon (52.1 %) > Calcium (5.6 %) > Potassium (3.5%) > Nitrogen 
(2.4 %) > Magnesium (0.3 %) ≈ Sodium (0.3 %) > Phosphorus (0.24%). The final 
conclusions also noted that the most limiting factors were temperature and light 
at certain times during the growing season as well as phosphorus concentration 
in the pond. This evidence lends support to the nutrient risk factor ranking for 
the dominance of the cyanobacterium, Cylindrospermopsis raciborskii reported 
by the authors of the nutrient fixation study (Burford, McNeal & Smith, 2006). It 
also supports the prediction that factors relating to location and seasonality, 
such as temperature and susceptibility to pollution impact the most on algal 
(and possibly cyanobacterial) growth (Li et al., 2013). With location and 
seasonality being repeatedly flagged as a significant growth factor in the 
literature for HABs in general, the apparent lack of studies involving Australian 
wastewater recycling dams makes this thesis study an important addition to the 
body of knowledge on M. aeruginosa growth factors.  
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Herbicides 
The effect of herbicides on the algae was also tested during the modelling study 
in Greece, however, an effect was not observed between them and this was 
blamed on the extensive flooding of the rice fields (Aschonitis et al., 2013). 
Nutrient fixation was accumulative and was selective depending on 
environmental conditions. The semi-arid Mediterranean climate provided 
optimum conditions for green algae. This combined with the high abundance of 
fertilisers and carbon dioxide, along with lowered exposure to herbicides 
resulting from the flooding in the rice fields, also contributed to these optimum 
conditions for green algae bloom formation (Aschonitis et al., 2013). This study 
is extremely useful in guiding the present thesis project as it was performed 
relatively recently (2013) under environmental conditions. It was used for the 
comparison of climate effects on algal growth and in the project development 
stage to research data collection techniques.  
 
 
Complex environmental studies 
The few complex environmental studies that can be found in the literature were 
performed overseas in countries such as America, India and China (Am et al., 
2016; Leland and Berkas, 1998; Li et al., 2014). For example, the freshwater 
lake, Lake Taihu in China developed a Harmful Algal Bloom (HAB) which 
resulted in the eutrophication and overall degradation of the water quality of 
the lake in 2007. Following on, a multivariate statistical analysis to correlate 
algal levels with various water quality parameters, including Dissolved Oxygen, 
pH, Water temperature, air temperature, Secchi depth, Total Nitrogen, and Total 
Phosphorus was performed (Li et al., 2014). Chlorophyll-a and phytoplankton 
biomass were measured as a proxy for algal population levels. A principle 
component analysis was used to identify the main eutrophication risk factors 
and the results showed that water temperature, nutrient contamination 
(nitrogen and phosphorus among others), and pollution were critical risk 
factors for harmful algal and cyanobacterial overgrowth in the lake.  
 
Several management strategies were recommended for HAB control in this 
scenario and they primarily included land management, treatment, and 
pollution control through plant restoration around the lake (Li et al., 2014). 
Based on these findings, contextual information gathered on Turkey Nest dam, 
as well as the results of other studies discussed here, this thesis study 
endeavoured to include many of these critical eutrophication risk factors in the 
study design.  
 
Many of the studies found in the literature are conducted in the laboratory as 
opposed to in natural aquatic environments, or test only a few parameters at 
once. This is useful for sorting out the noise often encountered in environmental 
study designs, reducing confounding factors, and investigating the cause of any 
relationships that have been discovered.  
 
As previously discussed, however, the interaction of many growth risk factors 
can have their own unique and unexpected effects on the HAB development. 
Relationships observed under laboratory conditions, especially when involving 
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multiple parameters, may or may not translate well into effects observed in 
natural systems such as in Turkey Nest Dam (Derry, Attwater & Booth, 2006; 
Leusch et al., 2014; Maule & Wright, 1984). The many laboratory studies and 
varying results from field studies recorded in the literature have therefore led to 
the need for a further field study under controlled, warm temperate Australian 
conditions, as conducted during this thesis study. 
 
Interdisciplinary chemical growth factor research 
This thesis study will not be extended to bloom control, but study of the 
literature relating to successful bloom control elsewhere helped to identify 
factors which needed to be monitored in the current study. By predicting large-
scale bloom formation, pre-emptive measures can be utilised to counteract the 
development of favourable conditions for toxic cyanobacterial growth (Blottière 
et al., 2014). Current bioproduction research investigating the development of 
useful commercial algal products has led to increased research into growth 
rates and limiting factors of algal and cyanobacterial species.  Although these 
research papers aim to optimise growth instead of controlling blooms, the data 
gathered has still proven useful in this thesis study. 
 
A review paper discussing growth optimisation of algal biofilms found that the 
key growth parameters include light intensity, pH, CO2 concentration, 
temperature, macronutrients, and flow regimes/shear stress (Schnurr & Allen, 
2015). Growth rate and lipid production was largely influenced by stress 
factors, commensalism, and water quality parameters including light, 
temperature, carbon dioxide concentration, nutrients, flow rates and rainfall. 
They also found that algal films included diverse communities of microbes 
which may positively or negatively affect growth rates, and that seed 
communities (regrowth from existing colonies) also demonstrate higher growth 
rates compared to individual cell inoculations (Schnurr & Allen, 2015).  
 
These key growth parameters used for biofilm production were considered 
during the design of this thesis study. Another purpose of the 2015 review was 
to establish further research directions, and the effects of interacting variables 
on different algal and cyanobacterial species was highlighted as a significant gap 
in the current knowledge in the field (Schnurr & Allen, 2015).  
 
 
1.4.2. Climatological risk factors for M. aeruginosa growth 
 
Cyanobacterial adaptations to climate 
A detailed laboratory study on the photo-acclimation of different Microcystis 
aeruginosa strains revealed that genetically dissimilar strains of M. aeruginosa 
have adapted to photosynthesise under different light optimums (Bañares‐
España et al., 2013). High-light acclimated cells had lower photochemical 
efficiency compared to the high pigment-containing strains that were adapted 
to low-light conditions.  
 
This is logical because the more light there is available to a photosynthetic cell, 
the less need it has to be efficient with light input. It was also observed that this 
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reduced efficiency could protect the strain from light stress when light intensity 
was high. If a strain of M. aeruginosa were to be adapted to low-light conditions, 
however, an increased photochemical efficiency would be beneficial to the cell, 
even if this efficiency were to expose it to the risk of increased light stress if 
placed in a high-light scenario.  
 
In general, however, these strains could all respond to light changes by 
adjusting electron transport rates as well as changing levels of cellular 
chlorophyll-a, phycocyanin and photoprotective molecules such as carotenoids 
(under low-light conditions, M. aeruginosa strains could increase chlorophyll-a 
and phycocyanin content and decrease total carotenoids). The general and 
specific photo-acclimation properties of different strains of M. aeruginosa may 
explain why they can coexist in water bodies where the light conditions 
fluctuate significantly (Bañares‐España et al., 2013). 
 
The toxicity of a Microcystis aeruginosa bloom is not always constant and is 
dependent on the relative proportions of microcystin-producing to non-
microcystin producing cells within a bloom population. The production of the 
microcystin toxin costs energy and valuable cell resources such as nitrogen. The 
relative abundance of each type of cell may also be affected by environmental 
factors. This means that there is a potential for M. aeruginosa blooms to be more 
toxic under specific water quality conditions or during certain seasons or 
weather events compared to other times of year, warranting more caution to be 
taken with cyanobacterial blooms under specific conditions (Briand et al., 
2012).  
 
A study was carried out on the influence of two specific light intensities and 
nitrate concentrations on the growth of Microcystin-producing Wildtype (WT) 
and Non-microcystin producing Mutant Type (MT) M. aeruginosa strains 
(Briand et al., 2012). The light intensities used were an optimal intensity of 39 ± 
4 µmol photons m-2 s-1, and the growth limiting intensity of 5 µmol photons m-2 
s-1.  A limiting concentration of 0.036 mM NaNO3 and non-limiting 
concentration of 9 mM NaNO3 was also used. Additionally, two intermediate 
light treatments were carried out without nitrogen limitation (set to light 
intensities, 10, and 20 µmol photons m-2 s-1 respectively).  
 
As predicted, Microcystin production rate closely followed the cell growth rate 
and was higher under optimum lighting, compared to low-light conditions. 
During the exponential growth phase in the monoculture treatments, there was 
no significant difference found between the growth rates of the WT and MT 
strains. Under optimum growth parameters in the combined strain culture 
treatments, the non-toxic MT strain gained a competitive advantage over the 
toxic WT strain of M. aeruginosa. Furthermore, co-culture treatments under 
optimal growth conditions produced an increase in the non-toxic MT strain 
growth rate compared to the toxic WT strain, as well as a cellular Microcystin 
content increase in the WT strain.  
 
It was suggested that the observed growth rates of these two M. aeruginosa 
strains under optimum growth conditions were due to the cost of Microcystin 
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production on microcystin-producing cells, and to the assumed existence of 
direct cooperation mechanisms between these strains (Briand et al., 2012). This 
may be useful to note when dealing with sustained blooms under sub-optimal 
conditions, as the toxicity of the bloom may change, depending on 
environmental conditions. This, however, is beyond the scope of the present 
study. 
 
Although not specifically relating to M. aeruginosa species, studies conducted on 
other algal and cyanobacterial species have also provided essential contextual 
information on HAB growth factors in general. There is mounting evidence that 
varying climates can impact on cyanobacterial responses to nutrients in 
different ways. A 1988 review on general algal growth investigated risk factor 
effects on nutrient limitation (Ahlgren, 1988). Specifically, she explored how the 
response to phosphorus limitation by algae was affected by environmental 
variables such as light and temperature.  
 
Interestingly, the review found that phosphorus demand by the algae increased 
along with the growth rate. Light intensity and temperature influences the 
demand for, and response to limitation of nutrients such as phosphate. As the 
light intensity increases, so does the algal phosphorus demand. The algae also 
store more phosphorus as the temperature decreases. It was therefore 
established that algal sensitivity to phosphorus limitation increases under high 
light and low temperature conditions (Ahlgren, 1988).  
 
Phosphorus is a key ingredient for providing algae with cellular energy in the 
form of Adenosine Triphosphate (ATP) and forms important enzymes and 
structural molecules, all of which are essential for cell growth and survival 
(Ahlgren, 1988). It would therefore make sense that the formation of these 
molecules would be sensitive to outside physical and chemical influences, and 
that these would have far-reaching consequences for algal populations if 
conditions fall outside of their optimum. Given the emphasis on the role of 
phosphorus and climatological effects on algal growth in the literature, this 
thesis study aimed to determine whether the same relationship could be 
observed with bacteria like M. aeruginosa. Being an old review, some 
improvements could be made to future experimental designs studying this area 
and more studies needed to be conducted on light-temperature-nutrient 
interactions, which are factors that are included in the project study design for 
this thesis. 
 
Seasonality 
Both the 2014 eutrophication risk factor analysis in China and the historical 
review listed seasonality and location as significant confounding factors in risk-
factor analysis for eutrophication (Li et al., 2014; Ahlgren, 1988). Another study 
also investigated how seasonality, along with other factors such as turbidity, 
major ion concentration, trace nutrients and ions, and herbivore activity 
impacted on the variation in abundance and composition of HABs in Devils 
Lake, North Dakota, America (Leland and Berkas, 1998). This was done during a 
five-year sampling period (1989-1994) where they observed the water levels 
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progressively decrease for the first three years of the study, until 1993, when a 
marked increase in inflow was observed until the end of the study.  
 
Whilst the water levels were declining in the early years of the study, small, 
non-motile chlorophytes and Euglena spp. were the dominant species in terms 
of biomass during the winters in the saline sub-basin. Diatoms and chlorophytes 
took over during the springs of this time-period. When the water levels rose, 
diatoms took over as the dominant species over chlorophytes in the springs. 
The preference towards low nitrogen conditions by phytoplankton such as the 
N-fixing cyanobacterium Aphanizomenon flos-aquae, and co-dominant non-N-
fixing cyanobacterium, Microcystis aeruginosa was highlighted by their vast 
blooms during the majority of the summers, through to early autumn. The DIP: 
DIN ratios were also consistently high during these blooms. Large influxes of 
water combined with extended calm conditions prompted diatom growth, 
whilst phytoplankton growth tended to be influenced most by light intensity, 
turbulence, nutrient concentrations and turbidity, with salinity having little 
observed effect on growth. Seasonal grazing effects as a result of herbivore 
presence were found to primarily affect the abundance of specific species of 
zooplankton and rotifers (Leland and Berkas, 1998). 
 
These studies are noteworthy because they suggest that whilst a specific set of 
nutrients may be limiting to algae in cold climates, this may not be true in hotter 
countries. Further supporting this statement is a study performed on the HWRS 
dams in Richmond, Australia which discovered that contrary to what is 
regularly assumed, risk factors such as Total Organic Carbon, rather than 
phosphorus limitation is more important for growth of enterococci bacteria 
indicator (ENT) in dams under Australian conditions (Derry et al., 2006). The 
possibility of this being true for cyanobacterial growth as well needs 
exploration. Hence, taking climate and environmental conditions into account is 
essential when studying cyanobacterial growth risk factors. The lack of 
Australian environmental studies on a range of interacting variables (especially 
in recycled wastewater matrixes) remains an issue in combatting HABs in this 
context. This is a gap that this thesis project aims to help fill.  
 
Light availability 
Parameters such as light intensity, quality and duration are essential 
components of cyanobacterial nutrient acquisition due to their roles in the 
carbon dioxide uptake process of photosynthesis (Agrawal, 2012). Upon 
evaluating the literature, though, it can safely be assumed that the relationship 
between light availability and cyanobacterial growth is not a linear one 
(Agrawal, 2012; Burford, McNeal & Smith, 2006; Gu & Wyatt, 2016). In general, 
growth tends to be negatively impacted by light exposure extremes.  
 
In low light conditions, it has been found that some cyanobacterial species such 
as Agmenellum quadruplicatum fall into a vegetative state and form cysts called 
akinetes. This is favourable because cells in this state do not rapidly burn 
energy (as reproducing cyanobacterial cells do), but rather stockpile vast 
supplies of carbon- and nitrogen-rich molecules to allow them to survive 
challenging seasonal changes (Agrawal, 2012; Gu & Wyatt, 2016).  
26 
 
 
The response to light limitation, however, is species-dependant (Agrawal, 2012; 
Gu & Wyatt, 2016). In fact, a growth response can be observed in other species 
such as Cylindrospermopsis raciborskii (a toxic cyanobacterium) which uses its 
superior phosphate acquisition abilities under low-light conditions to 
outcompete other species and survive during destratification events (when the 
water temperature layers are mixed up and these organisms find themselves 
deeper in the water, under low light conditions). Thus attempts to control 
cyanobacterial growth in a rural reservoir in southeast Queensland, Australia 
resulted in longer and more frequent blooms (Burford, McNeal & Smith, 2006, 
2006). 
 
Despite the lack of recycled wastewater field studies, laboratory and field 
studies conducted on algal growth in coastal waters across the world have 
provided some useful insights into algal-environmental interactions. While the 
N limitation study performed on Meiliang Bay of Lake Taihu, China was helpful 
in determining which parameters to focus on as possible risk factors, and 
provided useful insights into freshwater systems, the fact that the study was 
conducted in the humid and rainy subtropical climate of China means that the 
environmental conditions would differ in comparison to Australia’s (Li et al., 
2013). The water tested was also a fresh water lake and not recycled 
wastewater in an Australian dam, and it was unknown how this would impact 
on cyanobacterial growth rates and risk factors.  
 
Temperature 
Increased growth during periods of high temperatures is a common observation 
in the literature. For example, the summer season on a Pokkali shrimp farm in 
India tended to produce a higher frequency of toxic cyanobacterial blooms (Am 
et al., 2016).  
 
Numerous laboratory tests have been conducted in China on dinoflagellate 
cultures (Akashiwo sanguinea) to determine their optimal parameters for 
growth (Chen et al., 2015). The experiments tested the biological reaction (on 
growth and encystment) to sudden changes in temperature, salinity, laboratory 
irradiance levels and nutrient levels and showed that this organism showed 
reduced growth under these conditions when they were in a vegetative state. 
Encystment was used by the organism as a survival mechanism until 
environmental conditions could improve. Optimal conditions were given for 
temperature (20 – 25oC), salinity (20 – 30%) and laboratory irradiance 
(maximum 78.14 μE m-2 s-1), and low nutrient levels did not stop survival or 
growth of Akashiwo sanguinea. 
 
The cause of cyst formation in response to mild fluctuations in these parameters 
both singularly and combined was posed as a further research question by the 
authors. They noted that little effort had been made to investigate the 
mechanism of recurrence of Akashiwo sanguinea in aquatic ecosystems other 
than periodical monitoring of population dynamics and environmental 
variables. The relationship between nutrients and growth rates thus formed a 
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knowledge gap in the literature, suggesting a need for investigation (Chen et al., 
2015).   
 
A similar study to the project undertaken in this thesis was conducted on five 
eutrophic, freshwater lakes and ponds in Westveld Pond, Lake Donkmeer, Lake 
Falemprise, and the Ixelles Ponds, situated in various locations across Belgium 
(Descy et al., 2016).  
 
Having the ability to accurately predict the amount and timing of particular algal 
species was deemed critical in their management and in HAB prevention. They 
therefore sought to investigate the risk factors that could predict the eruption 
and volume of the four main taxa observed most frequently in these water 
bodies (Aphanizomenon flos-aquae, Microcystis aeruginosa, Planktothrix agardhii 
and Anabaena spp.). A database was produced from weekly and bi-weekly water 
quality sampling and environmental condition monitoring over the course of 
two years, and this data was analysed using a Boosted Regression Tree (BRT) to 
gain a useful prediction model of future blooms in the lakes investigated (Descy 
et al., 2016).  
 
It was found that Phosphorus (TP and DIP), Dissolved Inorganic Nitrogen (DIN), 
surface water temperatures, day length (photoperiod) and light penetration 
(euphotic depth) were determined to be the most effective variables for 
predicting future blooms (Descy et al., 2016). 
 
These five predictive variables made up for at least 10% of the contribution to 
overall HAB formation, however their specific contribution varied according to 
the species investigated. For example, whilst the most important contributors of 
Ananbaena spp. blooms were DIP, DIN, TP and photoperiod (at 22.2%, 15.7%, 
12.3% and 10.2% respectively), for Microcystis aeruginosa, they were euphotic 
depth, DIP, photoperiod, and mean rainfall- calculated for 7 days prior to 
sampling (at 62.6%, 7.5%, 7.1%, and 5.7% respectively) (n=306).  
 
Weather parameters such as wind, rainfall, and light intensity significantly 
influenced species survival and competition. Given these results and the fact 
that species composition and abundance dramatically affect cyanotoxin loads, 
this publication made a strong case for developing risk factor rankings specific 
to particular species and climate contexts, tailored towards the specific water 
body of interest (Descy et al., 2016). This result implied that although general 
principles for growth can be obtained for cyanobacterial species, this thesis 
study needed to investigate the growth parameters specific to M. aeruginosa in 
the context of the HWRS. 
 
In these particular freshwater lakes of Belgium, research suggested control by 
reducing P loading, regulation of flushing rates, as well as biomanipulation. 
These strategies may not prove as effective, however, when applied to an 
Australian wastewater recycling dam (Descy et al., 2016).  
 
Under subtropical conditions, such as those applicable to the HWRS, the 
establishment of distinct water temperature layers, high water temperatures, 
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high concentrations of ammonium, nitrate, phosphate and iron, grazing 
resistance to predatory species, as well increased residence times have been 
deemed important in causing and sustaining cyanobacterial blooms (Burford, 
McNeal & Smith, 2006). 
 
In this climate, the cause of low Dissolved Oxygen (DO) levels in drinking water 
catchments has been attributed to organic matter decomposition, and this in 
turn can facilitate the internal release of nutrients and metals from dam 
sediments (Antenucci et al., 2005). These loadings from internal sources 
regularly contribute more to overall loading than do external loading 
mechanisms, such as nutrient run-off. For this reason, the potential impact of 
external nutrient loading on cyanobacterial growth is often underestimated.  
 
Artificial destratification (inducing vertical mixing of the water) is a technique 
used to reduce the establishment of distinct temperature layers, re-oxygenate 
the water, and ultimately reduce internal nutrient loading to prevent HAB 
formation (Antenucci et al., 2005). Failure to control external nutrient loading 
may, however, have contributed to the significant increase in cyanobacterial cell 
load after destratification observed in the North Pine Dam, Brisbane, Australia 
in a study between 1984 and 2002 (Antenucci et al., 2005). This highlights the 
importance of external growth factors in bloom control and for this reason both 
were taken into account in the present thesis study. 
 
Additionally, as light availability to the cyanobacterial cells is significantly 
altered after destratification, it is also important to consider M. aeruginosa’s 
adaptation to changes in light. These changes can be simulated naturally over 
time as the seasons change. This has also contributed to the decision to study M. 
aeruginosa under the diverse environmental conditions spanning the course of a 
year in this thesis study (Antenucci et al., 2005).  
 
Wind speed 
In a modelling study carried out in France in 2012, the effects of wind, 
temperature and trophic status on the competition between a typical sinking 
green alga and the cyanobacterium, Microcystis aeruginosa in shallow lakes 
were investigated (Blottière et al., 2014). Previous research leading into their 
study indicated that M. aeruginosa survived best in summer and early autumn, 
when the temperatures were warmer, phosphorus concentrations were highest, 
and when wind conditions were the most stable, as vertical mixing was found to 
break up cyanobacterial surface scums (Blottière et al., 2014). 
 
Surface scum formation is encouraged for this photosynthetic cyanobacterial 
species as a result of their gas vesicles, allowing them to regulate their buoyancy 
and float to the surface where the light availability is highest. However, scum 
formation has also been hypothesised to form only after this buoyancy 
regulation ability has been hindered due to senescence of the cyanobacterial 
population (Blottière et al., 2014; Cao et al., 2006).  
 
As vertical mixing induced by wind shear has the potential to resuspend 
sediments and increase nutrient availability in shallow water, a study 
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simulating the effect of storm conditions on growth was carried out (Blottière et 
al., 2014). One simulation involved exposing a water column containing M. 
aeruginosa and the sinking green algae to variations in wind, temperature, 
irradiance and phosphorus concentrations. This was done to assess the 
mechanisms of algal and cyanobacterial competition under the conditions 
observed in a Paris lake over the five-month period of July through to November 
in 2004.  
 
The Paris study found that the combination of nutrient enrichment, warming, 
wind regimes and their timing can impact on cyanobacterial and algal 
interactions in unexpected ways. For example, at ‘normal temperatures’ 
(Defined as 26oC, with optimal growth conditions observed in the water column 
at 28oC), M. aeruginosa only dominated if nutrient loads were high and wind 
exposure remained low. As the wind exposure increased above 2 m s−1 bloom 
formation was disrupted, even under nutrient loading. These conditions also 
pushed competition in the favour of the sinking green algae (Blottière et al., 
2014).  
 
As the temperatures increased above 26oC, conditions became much more 
favourable for M. aeruginosa growth. This phenomenon could have implications 
for increases in M. aeruginosa blooms and dominance over other algal species as 
a result of temperature increase during local or international climate change 
scenarios (Blottière et al., 2014).  
 
The study concluded that stormy conditions in shallow water bodies bring the 
counterbalancing features: sediment and nutrient resuspension, into play. An 
increase in sediment leads to the limitation of cyanobacterial density in 
response to high turbidity. The study suggested that nutrient resuspension 
increases and prolongs toxic M. aeruginosa blooms because of the high amount 
of phosphorus released in the water after storms. These effects are further 
influenced by the timing of storm events and by general wind exposure, as M. 
aeruginosa only see the benefits of increased phosphorus release under low 
wind exposure (Blottière et al., 2014). 
 
Cell distribution 
A similar study was performed on the effects of wind and waves on the vertical 
distribution of Microcystis aeruginosa in Lake Taihu, China (Cao et al., 2006). 
The results obtained by the study indicated that 90% of M. aeruginosa cells 
accumulated on the surface layer of the water (at 0-5cm) under calm conditions 
in graduated flasks in the laboratory, and the rest could be found dispersed 
throughout the water column. However, much like the results obtained during 
the storm simulation, this distribution, whilst indicating low cell density 
compared to water, was found to be greatly influenced by the forces exerted by 
wind and waves (Blottière et al., 2014; Cao et al., 2006). As the wind speed 
increased to 2 m s−1, wave height was measured at 0.04m and cell density at the 
surface dropped to 37% of the total biomass observed in the entire water 
column. This percentage further dropped to 34% at a wind speed of 2.5 m s−1 
and wave height of 0.057m, and surface scums dispersed completely when 
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windspeed increased to above 3.1 m s−1, with waves measuring at 0.062m high 
(Cao et al., 2006).  
 
This research on wind speed and cell distribution was valuable in shaping and 
validating the study design of this thesis study. Upon investigation of the wind 
regimes in the area and its impact on M. aeruginosa growth, it was determined 
that local wind speeds did not produce enough turbulence within the dam to 
achieve an observable effect on M. aeruginosa growth. Measuring from a 
consistent depth, fairly close to the surface could still, however, account for 
changes in temperature and nutrient levels brought about my any mixing 
caused during storm conditions. The fact that cells were most likely to 
accumulate near the surface was valuable information when planning 
measurement approaches. Future, more comprehensive studies may, however 
wish to investigate wind regimes and cell dispersal in the water column more 
closely to gain more information on wind effects within the dam environment. 
 
 
1.4.3. Biological risk factors for M. aeruginosa growth 
 
Species diversity 
Species diversity, and the growth of freshwater algal cultures measured as the 
change in biomass production, was studied in 2007 (Weis et al., 2007). An 
additive and a substitutive study design was utilised to culture the algae and 
measure how species richness and/or the initial colonization conditions 
affected growth (biomass production) over the course of a 33-day period. The 
Voltka-Volterra model of competition was identified as a reliable model to 
explain how algal growth was affected by the community in which it formed. 
This model asserts that initial species diversity in the environment is high until 
the population reaches a particular “carrying load”, explained as the maximum 
capacity for the environment. It is at this point that superior, more competitive 
species take dominance over other algal species. This insight into algal 
community interactions illuminates the importance of considering how other 
algal species coexisting with species under study influence their growth and 
survivability in the environment (Weis et al., 2007). This information was kept 
in mind during the analysis of the results of this thesis study, and further study 
suggested. 
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1.5. Research aims 
Upon review of the literature, several gaps, questions and inconsistencies have 
been highlighted. While it would have been impossible to address all of these 
within the scope of this study, the following research aim, and objectives were 
identified for the present study: 
 
Aim  
To determine the strength and nature of the most significant physico-chemical 
and climatological risk factors for the development of toxic M. aeruginosa 
blooms in recycled wastewater intended for agricultural irrigation in a warm-
temperate, East Coast Australian setting. 
 
Specific objectives 
(i) To identify risk factors controlling cyanobacterial abundance using 
bivariate linear regression analysis under warm-temperate, East Coast 
Australian conditions, as well as to model and determine the relative 
strength of each factor using a suitable multiple regression analysis 
approach. 
(ii) To investigate the similarities and differences between this Australian 
study and past studies and examine other relationships such as the 
potential existence of a relationship between FIB and toxic 
cyanobacterial blooms, under the specific study conditions. 
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2. Study design and methods 
 
2.1. Study design 
 
Selection of design was preceded by consideration of the research question as 
well as the stability of conditions in the environmental system under study. 
During the design of this study, a decision had to be made in regard to whether a 
laboratory, experimental- or observational-field study was most appropriate. 
The main advantage of laboratory experiments over field studies is that many 
confounding factors can often be controlled for. They are often chosen to 
investigate causal relationships between specific variables. Field studies are 
more appropriate when the aim is to identify if any relationships exist in nature, 
as well as to test mechanisms found in the laboratory under environmental 
conditions. Combining these study types ultimately creates a comprehensive 
understanding of a research question (Ahlgren, 1988, Chen et al., 2015; Maule & 
Wright, 1984). 
 
As the research question aimed to identify relationships between toxic 
cyanobacterial and aquatic environments and climate specific to recycled 
wastewater dams, it became clear that either an observational or experimental 
study in the field was required. An observational study was ultimately chosen 
because an experimental study design controlling field parameters was not 
feasible in terms of the constraints of the HWRS. This is because the changing of 
dam conditions had the potential to affect the water quality of a commercially 
significant body of water used for agricultural irrigation (Am et al., 2016; Derry 
& Attwater, 2014; Li et al., 2014).  
 
The study built up a series of cross-sectional observations over a year based on 
the matching of cyanobacterial counts with a number of water and 
climatological parameters, as sampled on a contemporaneous or staggered-
relationship basis. Data from the annual data set were then subjected to 
bivariate and multiple regression analysis for the entire period, introducing 
elements of a longitudinal prospective study (Derry & Attwater, 2014).   
 
The feasibility of this design for a study involving the risk factors for 
cyanobacterial blooms was assured by the fact that a previous study had been 
carried out by Derry and Attwater (2014) using a similar methodology for the 
same hydrological system to identify risk factors for the growth of Enterococcal 
bacteria in environmental settings. That study was published in Science of the 
Total Environment (2014), where it received favourable citations (Derry & 
Attwater, 2014). 
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Water quality data were collected during 42 sampling sessions on the 
Hawkesbury Turkey Nest Dam from March 2016 through to March 2017. Up to 
78 data points were obtained per sampling session, with 2,436 to 3,276 data 
points collected on the dam over the course of the year. Data on parameters not 
selected for investigation under the scope of this project were retained in the 
database for future research purposes. These parameters were broken down 
into physico-chemical indicators, climatological indicators, chemical indicators 
(including organics and nutrients) and bacteriological indicators (FIB analysis). 
Cyanophyte (BGA) counts and indicators, conducted by Australian Laboratory 
Services (ALS), a NATA accredited laboratory were also recorded (Refer to 
Table 2.1.) (Juniper, 1998; Verma & Singh, 2011). 
 
The physico-chemical quality of the water samples was determined in the field 
for temperature, pH, Dissolved Oxygen (DO), salinity, conductivity and turbidity. 
Analysis of other parameters including Total Suspended Solids (TSS), chemical 
indicators (Biochemical Oxygen Demand, Total Organic Carbon (TOC), and 
nutrient levels) were carried out at ALS Environmental. Climatological data, 
such as the daily weather observations recorded by the nearby RAAF weather 
station in Richmond, NSW, were obtained from the Bureau of Meteorology 
(BOM). The annual data ensured that seasonality was accounted for (BOM, 
2017). 
 
Parameters such as turbidity, chlorophyll a, and BOD were identified as early 
indicators for HABs because organoleptic indicators such as odour events and 
visual changes tend to only occur 48-72h after the onset of a major bloom event. 
The Dissolved Oxygen (DO) measurement had ecological-health value as this 
parameter is linked to the photosynthesis/respiration cycle (Am et al., 2016).
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 Table 2.1. Parameters in the project database. 
Group Parameter (risk factor)  Transport preservatives and 
analytical methods 
1) Physico-
chemical 
indicators 
pH 
Conductivity (Cond) 
Turbidity (Turb) 
Dissolved Oxygen (DO) 
Temperature 
Salinity 
 
Total Suspended Solids (TSS) 
 
 
HORIBA U-10 field multimeter 
for physico-chemical testing of 
pH, Conductivity, Turbidity, 
Dissolved Oxygen, Temperature, 
and Salinity 
Preservative requirement: None 
 
APHA 2540D (Solids in Water) 
Preservative requirement: None 
LOR: 5 mg/L 
 
2) Organics Biochemical Oxygen Demand (BOD) 
 
 
 
 
 
 
Total Organic Carbon (unfiltered) 
  
 
 
 
APHA 5210 B, USPEA 3630 (5-
Day BOD Test, Silica Gel Clean-up 
(Sample Preparation)).  
Preservative requirement: 
Sulfuric Acid (H2SO4) 
LOR: 2 mg/L 
 
APHA 5310 B, USPEA 3630 
(High-Temperature Combustion 
Method, Silica Gel Clean-up 
(Sample Preparation)).  
Preservative requirement: 
Sulfuric Acid (H2SO4) 
LOR: 1 mg/L 
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3) Nutrients TN 
TKN (Total Kjeldahl Nitrogen: Unstable forms of N such as Organic-N 
and Ammonia-N)  
 
 
 
 
NH3-N (ammonia nitrogen) 
 
 
  
 
 
NOx (Stable forms of N: nitrite and nitrate) 
NO2-N (nitrite nitrogen) 
NO3-N (nitrate nitrogen) 
 
 
 
 
 
 
Total Phosphorus as P 
Reactive phosphorus (RP) (orthophosphate proxy) 
 
APHA 4500 Norg/NO3 (Nitrate 
in Water by Colorimetry and 
Cadmium Reduction).   
Preservative requirement: (NT-
8A) Sulfuric Acid (H2SO4) 
LOR: 0.1 mg/L 
 
APHA 4500 NH3- - G (Automated 
Phenate Method).  
Preservative requirement: 
Sulfuric Acid (H2SO4) 
LOR: 0.01 mg/L 
 
APHA 4500 NO3- - I (Cadmium 
Reduction Flow Injection 
Method), 
APHA 4500 NO2- - B (4500-NO2- 
B. Colorimetric Method).  
Preservative requirement: 
Sulfuric Acid (H2SO4) 
LOR: 0.01 mg/L 
 
APHA 4500 P – F (4500-P F. 
Automated Ascorbic Acid 
Reduction Method).  
Preservative requirement: 
Sulfuric Acid (H2SO4) 
LOR: 0.01 mg/L 
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4) Faecal 
Indicator 
Bacteria 
(FIB) 
Total Coliforms 
E. coli 
Enterococci  
 
Most Probable Number (MPN) 
method by Colilert and 
Enterolert (in-house) 
Preservative requirement: None 
LOR: 1 cell/100mL 
 
 
5) Climate Temperature: 
-Minimum temperature in 24 hours before 9am (local time) in Degrees 
C 
-Maximum temperature in 24 hours after 9am (local time) in Degrees C 
-Air temperature observation at 09 hours Local Time in (oC) 
-Air temperature observation at 15 hours Local Time in Degrees C 
-Max Daily temperature  
-Min Daily temperature  
-Mean Daily Temperature (contemporanoeous) (oC) 
-Max Daily temperature (three days prior) (oC) 
-Min Daily temperature (three days prior) (oC) 
-Mean Daily Temperature (three days prior) (oC) 
 
Precipitation 
-Precipitation in the 24 hours before 9am (local time) in mm 
-Daily rainfall (mm)  
-Weekly Accumulated Rainfall (mm) 
-Three Day Accumulated Rainfall (mm) 
-Two Day Accumulated Rainfall (mm) 
-Daily Rainfall One Day Prior (mm) 
-Daily Rainfall Two Days Prior (mm) 
-Daily Rainfall Three Days Prior (mm) 
-Evaporation in 24 hours before 9am (local time) in mm 
 
 
Data collected from the Bureau of 
Meteorology (BOM) website 
(BOM, 2017).  
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Sun exposure 
-Number of hours of bright sunshine in the 24 hours midnight to 
midnight Local Time 
-Solar exposure (kWhm2) Lat:  33.60° S Lon:  150.78° E Elevation:  19 m 
-Solar exposure (MJ/m2) Lat:  33.60° S Lon:  150.78° E Elevation:  19 m 
 
Wind 
-Direction of maximum wind gust in 16 compass point text 
-Speed of maximum wind gust in km/h 
-Time of maximum wind gust in HHMI 24 hour mode 
-Wind direction at 09 hours Local Time measured in degrees OR 16 
compass point text 
-Wind speed at 09 hours Local Time measured in km/h 
-Wind direction at 15 hours Local Time measured in degrees OR 16 
compass point text 
-Wind speed at 15 hours Local Time measured in km/h 
-Mean wind speed from 9AM and 3PM measurements (km/h) 
-Mean wind speed from 9AM and 3PM measurements (km/h) 
 
Humidity 
-Relative humidity for observation at 09 hours Local Time in percentage 
% 
-Relative humidity for observation at 15 hours Local Time in percentage 
% 
Cloud cover 
-Total cloud amount at 09 hours in eighths 
-Total cloud amount at 15 hours in eighths 
 
Air Pressure 
-Mean sea level pressure at 09 hours Local Time in hPa 
-Mean sea level pressure at 15 hours Local Time in hPa 
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6) Cyanophyte 
(BGA) 
counts and 
indicators 
Total Cyanophyte Counts 
Potentially Toxic Cyanophyte 
 
Species found and enumerated: 
 Chroococcales-  
Aphanocapsa spp. <2µm  
Aphanothece spp. <2µm  
Cyanodictyon spp. 
Cyanocatena spp. 
Merismopedia spp. 
Microcystis aeruginosa (PTC) 
Cyanogranis libera 
cf. Synechococcus spp. 
Microcystis spp. 
Oscillatoriales-  
Pseudanabaena mucicola 
Romeria spp. 
Pseudanabaena galeata 
Pseudanabaena spp. 
Planktolyngbya minor 
 
Chlorophyll-a 
 
 
 
 
 
 
 
 
 
 
Species were added as they were 
observed. 
Algae were enumerated my 
confocal microscopy, following 
the methods described by Hotzel 
and Croome (1999). 
APHA 10200 E F (10200 
Plankton (2011) Enumeration by 
Confocal Microscopy) 
Preservative Requirement: 1% 
Lugols Iodine 
LOR: 5 cells/mL 
 
 
 
 
 
 
 
 
 
APHA 10200 H (10200 H. 
Spectrophotometric 
Determination of Chlorophyll for 
measurement of Chlorophyll-a) 
Preservative Requirement: 1% 
Lugols Iodine 
LOR: 1 mg/m3 
 
 
AquaFluor Handheld 
Fluorometer/ Turbidimeter 
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Phycocyanin  
Total Chlorophyll 
 
(field fluorometer) 
Preservative requirement: None 
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2.2. Rationale for selection of Microcystis aeruginosa and proxies 
 
Microcystis aeruginosa 
Throughout the sampling period, approximately 14 different algal and 
cyanobacterial species were identified and enumerated in the samples collected 
from the Turkey Nest Dam. Since the study design involved performing 
bivariate correlations between a single independent variable and a large 
selection of dependent variables, to streamline the study, a single independent 
variable was required.  
 
As part of the motivation for the study included the need to reduce toxicity in 
the HWRS, selecting the most hazardous species was the most logical option. 
Since M. aeruginosa was the only toxin-producing species identified throughout 
the study period, cell counts of this species were selected as the independent 
variable. As the values for the ‘Potentially toxic cyanophyte’ parameter matched 
the values obtained for the M. aeruginosa cell counts, but included the 
instrument detection limit, this parameter was used as a proxy for this species. 
Therefore, in the context of this thesis, the parameter ‘Potentially toxic 
cyanophyte’ refer to M. aeruginosa cell counts.  
 
Chlorophyll a and Total Chlorophyll 
Chlorophylls are a group of compounds which act as photoreceptors in 
photosynthetic cells (Katz et al., 1978). All organisms that carry out 
photosynthesis such as plants, green algae and cyanobacteria have one or more 
types of chlorophyll pigment. The measurement of chlorophyll levels in the 
water can therefore indicate cyanophyte levels within a water body 
(Slonczewski & Foster, 2011). 
 
Chlorophyll a is often chosen over Total Chlorophyll (Chlorophyll a and 
Chlorophyll b) to measure algal and cyanobacterial load. This is because while 
green algae and cyanobacteria both contain cellular chlorophyll-a, green algae 
also produce cellular chlorophyll-b, which presents the obstacle of double-
counting of green algae when measuring Total Chlorophyll. Green plant matter 
introduced into the water also has the potential to be counted in Total 
Chlorophyll measurements (Katz et al., 1978; Slonczewski & Foster, 2011). 
 
Another reason for measuring chlorophyll a over total chlorophyll for the 
measurement of cyanophyte levels is that other photosynthetic bacteria contain 
bacteriochlorophyll rather than chlorophyll a, so they can also be excluded 
using this measurement (Slonczewski & Foster, 2011). Since chlorophyll b could 
be expected to remain fairly consistent in the Turkey Nest dam, however, Total 
Chlorophyll could still offer a general, cost-effective insight into HAB load 
despite the lower accuracy (Katz et al., 1978; Slonczewski & Foster, 2011).  
 
Photosynthesis is the act of converting energy obtained from the sun into 
cellular chemical energy that can be utilised to drive the redox reactions within 
the cell. Glucose is created from carbon dioxide and water with the energy 
obtained from the sun and oxygen is a by-product of this process. Chlorophyll 
compounds, as well as other pigments, such as phycocyanins, play a vital role in 
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the overall process of photosynthesis, from harvesting and transferring light 
energy, through to the conversion of this energy to high-energy molecules such 
as Adenosine Triphosphate (ATP) (Macário et al., 2015; Slonczewski & Foster, 
2011). 
 
Other than chlorophylls, other measurements including phycocyanin, 
biovolumes and cell counts can also be used to provide a more specific overview 
of cyanobacterial loads in the water (American Public Health Association 
(APHA) et al., 2012; Macário et al., 2015). 
 
Phycocyanins 
Phycocyanins are a class of fluorescent phycobiliproteins, which are bluish in 
colouration. Along with chlorophyll-a, phycocyanins serve as major light-
harvesting pigments during photosynthesis in cyanobacterial species like M. 
aeruginosa. These water-soluble complexes (made up of α and β subunits, with a 
light absorption peak in the orange bands at around 620 nm) are situated on the 
stromal surfaces of the thylakoid membranes in cyanobacterial cells (Bai et al., 
2015; Nakamoto and Honma, 2006). 
 
The routine monitoring of phycocyanin levels have been proposed as a method 
to gain contemporaneous information regarding toxic cyanobacterial loads 
(Macário et al., 2015).  
 
Faecal Indicator Bacteria  
For detection of E. coli, Total coliforms and Enterococci in wastewater samples, 
the Colilert and Enterolert tests were used in this study. These species are 
regularly used as faecal indicator bacteria because they are commonly found in 
the gastrointestinal tract and excreted in the faeces of humans and other 
mammals. They are associated with other pathogenic species that can be 
introduced into the water via this route and can be easily cultured in the 
laboratory using routine supportive media (Kiser, Payne & Taff, 2011).  
 
Both the Colilert and Enterolert tests have been evaluated for their effectiveness 
in this context by a previous study (Yakub et al., 2002). During laboratory trials, 
wastewater samples were sequentially inoculated with increasing 
concentrations of FIB and subsequently enumerated by the fluorogenic tests, 
Colilert and Enterolert. Numerous correlation tests were then conducted on the 
accuracy of these tests when applied to a wastewater matrix.  
Both tests were found to be acceptable for detecting FIB, using chromogenic and 
fluorogenic reactions and performed better or equal to membrane filtration 
methods (Yakub et al., 2002). This is except, perhaps for the E. coli test in the 
treated wastewater matrix, which was found to have higher than expected 
positive results. Previous research into this topic suggests that the Colilert test 
is more sensitive compared to other methods, but more studies are expected to 
be performed on this matter (Palmer et al., 1993; Yakub et al., 2002).  
 
These tests, however, remain to be among the most trusted analytical methods 
for detecting FIB and were chosen for use in the HWRS project (Palmer et al., 
1993, Yakub et al., 2002).  
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2.3. Sampling methods 
 
Field sampling of wastewater 
The water samples were taken from a locked sampling tap situated 50m 
downline from the western edge of the dam. This tap was connected to the 
pressurised, 160mm diameter lilac outlet line frequently used to supply water 
to the service dams from Turkey Nest dam. The floating device for the take-off 
point was anchored 13 metres from the western edge of the dam, with the foot 
valve suspended 100 cm below the surface of the water. The protocol for the 
sampling followed the general requirements as set out in Standard Methods for 
the Examination of Water and Wastewater and is outlined below (American 
Public Health Association (APHA) et al., 2012). 
 
1) Preparing the sampling tap (Figure 1.3.): The mouth of the metal tap was 
flamed with a gas blowtorch for 30 seconds to ensure sterility and then run 
at full force for a further 30 seconds to clear out the pipe.  
 
2) During collection, gloves, goggles and a laboratory coat were worn. Sterile 
containers provided by the commercial laboratory containing stabilising 
substances such as acids for metal preservation were used to collect 
samples for each respective analysis. The tap was kept running until all 
bottles had been filled. Bottles were stored in a polystyrene container with 
icepacks to keep them below 5 °C until they could be placed in the 
refrigerator back on campus (this sampling and transport process took 
about 15-20 minutes).  
 
3) The water samples collected were split into three streams. One was for 
immediate field analysis for physico-chemicals including transient 
indicators, temperature, pH and DO, as well as for field fluorometry for total 
chlorophyll and phycocyanins. Another stream was for more advanced 
testing at ALS, and a third was for in-house bacteriological analysis carried 
out by the researcher in the WSU Environmental Health laboratory.  
 
Immediate field analysis  
4) The multimeter and field fluorometer were used immediately after the 
samples were collected. Deionised water taken into the field was used as a 
blank for the fluorometer measurements. The deionised water was also 
used to rinse the physico-chemical multimeter before and after each use. 
These analyses were performed in the field to minimise any changes, such 
as temperature shifts that rapidly occur to the water once collected from the 
sampling tap into the bucket. All field analysis water samples were 
discarded onto the grass once analysis was complete. 
 
Commercial laboratory analysis 
5) All samples to be analysed by the NATA accredited commercial laboratory 
(ALS Environmental) were kept below 5 °C by ice bricks inside of a 
polystyrene container (as per ALS requirements) and stored in the 
refrigerator until it was collected the same day by a courier appointed by 
the commercial laboratory to transport to ALS. A chain of custody form was 
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filled out for every sampling session and taped onto the polystyrene 
container so as to seal the container during the process. ALS policy dictated 
that the temperatures of the samples were to be audited upon arrival at the 
commercial laboratory for quality control purposes. For detail into the 
parameters tested and associated methods used by the commercial 
laboratory, refer to Table 2.1.. 
 
In-house bacteriological analysis 
 
Faecal Indicator Bacteria (FIB) analyses for E. coli, Total Coliforms and 
Enterococci, using Colilert and Enterolert tests, were performed 
immediately on the day. The protocol outlined in the IDEXX Colilert and 
Enterolert package inserts and the principles outlined by APHA et. al., 
(2012), were followed and the appropriate PPE were worn in the 
laboratory. 
 
The Colilert reagents contain a FIB selective growth substrate linked with a 
fluorogenic indicator (o-nitrophenyl β-D-galactopyranoside, or ONPG) for 
the detection of Escherichia coli or a colorimetric indicator (4-methyl-
umbelliferyl β-D-glucuronide, or MUG) for the detection of Total Coliforms. 
These indicators are released under the action of β-glucuronidase and β-
galactosidase in E. coli and general coliforms respectively.  
 
The Enterolert reagent contains a FIB selective growth substrate linked 
with a fluorogenic indicator (4-methyl-umbelliferyl β-D-glucoside) for the 
detection of Enterococci.  
 
i) To perform the test, either the Colilert or Enterolert reagents were 
added to 100mL of dam water in a plastic jar. The reagent powder 
was dissolved completely in the sample before it was placed in a 
Quantitray and heat-sealed.  
 
ii) The Quantitrays were incubated in laboratory incubators (35+/- 
0.5°C for Colilert and 41+/- 0.5°C for Enterolert). These indicators are 
released into the media upon breakdown of the growth substrate by 
FIB organisms to allow a yellow colour change or a fluorescent 
reaction under an Ultraviolet (UV) lamp, depending on the type of 
indicator. 
 
iii) Results were read after exactly 24 hours of incubation, under a 
365nm UV fluorescent lamp. The fluorometric and colourimetric 
results were interpreted using a Most Probable Number (MPN) of 
cells per 100 mL interpretation table that is used widely for the 
IDEXX Colilert and Enterolert techniques. 
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2.4. Statistical analysis 
 
All monitoring results were transferred from notebooks and laboratory reports 
to an Excel spreadsheet using the same data format used for routine monitoring 
of the HWRS. The format involved using the y rows to separate each parameter 
in the table and the x columns to separate the sampling dates. 
 
Analysis was carried out in terms of two conceptual models: 
 
1)  A simple bivariate model in which the dependent variable was the 
potentially-toxic cyanophyte count, which could be separately acted upon by 
any one of a number of independent variables (risk factors), hypothetically 
operating in isolation, to produce change.  This model lent itself to simple 
bivariate linear regression analysis.   
 
2) A complex multivariate model in which the dependent variable was the 
potentially-toxic cyanophyte count, which could be simultaneously acted upon 
by a number of independent variables (risk factors), operating together to 
produce change, but with limited interaction between the variables themselves. 
This model lent itself to multiple regression analysis in which interaction 
between independent variables themselves had been limited through the 
rationalisation of risk factors with potential to act as close proxy for another 
(multicollinearity control). This rationalisation was achieved by selecting only 
one risk factor from a proxy set, based on its ability to represent the other 
members of the set while offering a proven track record as an indicator widely 
used in the irrigation-water industry. In this regard, the literature survey 
offered useful information for the selection process (Mendenhall, 2013; 
Pearson, 2010). 
 
All outliers were removed prior to the bivariate and multiple regression 
analyses of all parameters, and all null values were removed from the analyses.  
Outliers were identified by calculating standard deviations and determining 
whether identified values fit within the expected statistical data range. 
Judgment calls for outlier removal were then made based on whether statistical 
outliers fell outside of the logical data range expected for the specific parameter 
under consideration, as these ranges can vary depending on instrument data 
range and reliability (Derry & Attwater, 2014; Pearson, 2010).  
 
It should be noted that as the time-trend graphs are intended as a visual aid and 
not as part of the data analysis, no statistical outliers identified were removed 
from these graphs. 
 
Bivariate analysis 
Potentially Toxic Cyanophyte (PTC) count was used in preference to 
phycocyanin level as water-toxicity proxy, based on the precision of the 
bacterial count and its use in previous studies. It was not possible to use both as 
preliminary regression analysis showed only a moderate correlation to exist 
between the two indicators (Pearson’s r= 0.58) (Mendenhall, 2013; Pearson, 
2010). 
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All bivariate correlations were performed in a Microsoft Excel® spreadsheet. 
The datasets for potentially toxic cyanophyte and FIB were log10 transformed 
as these values ranged between 1 and 628,000 cells/mL for PTC, and 1 and 
2,500 cfu/mL for FIB. A small log constant of (0.5) was used in place of values 
under the detection limit for both of these parameters (Derry & Attwater, 2014). 
During the linear bivariate correlation analysis, Pearson’s product moment 
correlation method was used to determine the strength of the relationships 
observed within the scatterplots (Pearson, 2010). 
 
Multiple regression 
Prior to conducting the multiple regression analysis, the representative 
parameters first needed to be selected from their respective proxy sets (Derry & 
Attwater, 2014). Following this process, the M. aeruginosa counts as well as nine 
representative dependant variables incorporating 410 matched cases in total 
were selected for multiple regression analysis. These nine variables included 
Mean Daily Atmospheric Temperature (4-day lag), Solar exposure, Reactive 
Phosphorus, TKN, TOC, Nitrite plus Nitrate, Rainfall (1-day lag), Dissolved 
Oxygen, and Biochemical Oxygen Demand. Minitab® 18 was used during the 
multiple regression analysis stage (Figure 3.27. and Table 3.4.). 
To control for multicollinearity, Water temperature, E. coli, Total phosphorus, 
phycocyanin and chlorophyll-a were not included in the multiple regression 
analysis. This is due to factors such as atmospheric temperature also driving E. 
coli growth, and the presence of other algal and cyanobacterial species 
contributing greatly to the pigment measurements. 
 
Temperature 
Water temperature could not be included in combination with atmospheric 
temperature due to the thermal lag between atmospheric temperature affecting 
water temperatures and the observation of a subsequent growth response 
(Derry & Attwater, 2014). Atmospheric temperature was selected based on the 
availability of high-resolution daily atmospheric temperature data obtained 
from the BOM, compared to the lower resolution weekly data obtained for 
water temperature.  
 
Phosphorus 
Phosphorus (TP) was removed to limit collinearity with Reactive Phosphorus 
(RP) indicator, since they correlated well with each other, and reactive 
phosphorus has frequently been identified in the literature as a critical 
eutrophication factor (Li et al., 2015). 
 
Nitrogen 
TKN, and Nitrite plus Nitrate were selected for their resolution in terms of 
organic and redox state compared to the more general Total Nitrogen 
measurement. Multicollinearity did not present as a problem between these 
variables, and the measurement for total nitrogen did not correlate sufficiently 
strongly with M. aeruginosa growth in simple bivariate analysis to warrant its’ 
selection over the other two nitrogen measurements (Table 3.1. and Figure 
3.2.). 
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TOC unfiltered 
To control for matrix inversion, parameters such as Turbidity and other algal 
species (including Aphanocapsa spp., Aphanothece spp., Cyanodictyon spp., 
Cyanocatena spp., Merismopedia spp., Cyanogranis libera, cf. Synechococcus spp., 
Microcystis spp., Pseudanabaena mucicola, Romeria spp., Pseudanabaena galeata, 
Pseudanabaena spp., and Planktolyngbya minor) were removed from the 
multiple regression analysis. The unfiltered Total Organic Carbon was deemed 
acceptably reliable for inclusion into the multiple regression since previous dam 
monitoring results revealed a very strong correlation between filtered and 
unfiltered UV254 values with a Pearson’s r correlation coefficient of +0.99 (Derry 
& Attwater, 2014).  
 
Precipitation and solar events 
Since increased windspeed tends to be associated with rainfall, one parameter 
needed to be selected to represent precipitation events, which potentially affect 
growth through nutrient runoff and resuspension. Rainfall was therefore 
selected over wind due to the higher chance of a linear relationship between 
this parameter and the observed growth response. (Blottière et al., 2014; 
Schnurr & Allen, 2015).  
 
Other parameters included 
Solar exposure was indicated during the literature survey as a possible indicator 
for cyanobacterial growth (Descy et al., 2016). The growth response of M. 
aeruginosa appeared to be impacted less by confounding factors compared to 
cloud cover during the preliminary bivariate analysis. Other parameters 
identified during the literature review as potential indicators included BOD (due 
to bacterial proliferation) and DO (Am et al., 2016; Backer et al., 2015; Shi et al., 
2007b).  
 
 
2.5. Scope and limitations of the study  
 
Overall, the field design use was found to be relevant due to its inclusivity of a 
multitude of risk factors and its ability to rank these variables according to their 
relative importance as toxic cyanobacterial bloom predictors. Tracking changes 
in all of the variables over time controlled for changes in the fluxes of 
substances such as nutrients and pollutants in and out of the dam. As discussed 
previously, while small scale laboratory studies can be useful, they do not offer a 
comprehensive insight into field responses of these organisms to the risk 
factors under study (Derry, Attwater & Booth, 2006; Leusch et al., 2014; Maule 
& Wright, 1984). 
 
Some limitations of this study are summarised below: 
 
Due to time constraints, toxic cyanobacteria were chosen as a focus for this 
study, rather than the entire spectrum of cyanobacterial and algal species 
identified and enumerated in the dam. While the study was limited to M 
aeruginosa, a large amount of data on other cyanophyte species was collected 
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and banked during the course of this study. This will be valuable in encouraging 
future studies into general eutrophication studies relating to efficient 
agricultural use of recycled wastewater.  
 
The banked data will also open the way for studies on the relationship between 
FIB counts, and algal and other cyanobacterial growth. In this way, the study 
and thesis will contribute not only scientific findings on the immediate topic 
under consideration, but also a springboard for future scientific study by the 
candidate and other researchers using HWRS as a valuable field research 
resource. 
 
Herbicides have not been tested for, but do not present a limitation because 
previous monitoring of the dam did not identify herbicides at detection limits 
relevant to cyanobacterial or algal die-off. Spot checks on this dam water were 
unable to detect triazinone, phenylurea or triazine herbicides, or their 
metabolites.  This is not surprising because the Office of Estate and Commercial 
(whom monitor the dams) limit herbicide use on the Western Sydney University 
campus to prevent the contamination of research crops.  
 
Future research projects wishing to replicate this study model may, however, 
wish to include herbicide analysis if aerial spraying for broad leafed weeds is 
the norm in the area, or if the water can be seeded with pesticide. Deliberate 
seeding of the HWRS dams with herbicides was not feasible due to the use of the 
water in herbicide-free zones. Any herbicides introduced into dams the size of 
Turkey Nest dam would also be expected to break down fairly rapidly under 
hydrolysis and bacteriological degradation, leading to special problems where 
herbicide seeding is to be experimentally introduced elsewhere (Bois et al., 
2011).  
 
The risk factors chosen to measure during this study are not exhaustive due to 
time and cost constraints but were chosen based on careful consideration of the 
available literature within the field. The outsourced laboratory methods used 
were the most accurate methods of analysis for the relevant parameters, 
although these methods are often expensive and time consuming. Repetition of 
the research elsewhere using in-house approaches might therefore need to be 
modified in terms of the approaches used (Aschonitis et al., 2013; Juniper, 1998; 
Macário et al., 2015; Weis et al., 2007).   
 
This study was useful for gaining preliminary data on HAB risk factors, 
however, ongoing monitoring is still required to reduce potential variance of the 
data. There were patent fluctuations in dam conditions over the relatively short 
time span of one year in a location where climate effects are highly variable 
from year to year due to El Niño–Southern Oscillation (ENSO) effects. This 
variability, particularly in relation to droughts, rainfall distribution and the 
intensity of storm events is also expected to increase in severity as climate 
change progresses (Attwater & Derry, 2017). 
 
Another limitation identified was that samples were only taken from one point 
of the dam and at one height (100cm), whereas a more accurate count would 
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have taken samples from a number of sampling points distributed across the 
dam and at varying depths to account for the mobility of some algal species. 
This would, however, have required more infrastructure than was available at 
the time of sampling, such as a boat with special sampling arrangements, and a 
considerably larger budget for capture and analysis of samples. 
 
This study cannot prove cause and effect relationships between risk factors and 
cyanobacterial parameters being measured. It can only indicate that a 
relationship exists and determine the strength of that positive or negative 
regression. For further investigation of any relationships uncovered, a more 
advanced model involving further data collection, experiments and longer-term 
prospective longitudinal design was required (Mendenhall, 2013; Pearson, 
2010). 
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3. Results and discussion 
 
Levels of M. aeruginosa fell steadily over autumn and winter from an initial 
628,000 cells/mL in the first sampling session at the end of March 2016, to 
undetectable levels by the beginning of spring. Levels remained low until the 
start of summer, when M. aeruginosa populations erupted and remained 
relatively high after a slight drop throughout summer (Figure 3.1.). 
 
 
Figure 3.1. Potentially toxic cyanophyte population fluxes over 12 months.
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3.1. Bivariate linear regression analysis of risk factors 
 
3.1.1. Chemical and physico-chemical risk factors 
 
Table 3.1. Results of bivariate analysis of chemical risk factors for potentially 
toxic cyanophyte growth.  
Pearson’s r 
correlations 
Pearson’s 
correlation 
coefficient (r) 
Strength of 
correlation 
Number of 
matched 
pairs (n) 
M. aeruginosa vs  
Total Organic 
Carbon 
+0.70 High 40 
M. aeruginosa vs  
Total Nitrogen 
+0.44 Moderate 42 
M. aeruginosa vs 
Nitrite-N plus 
Nitrate-N 
+0.32 Low 42 
M. aeruginosa vs 
turbidity 
+0.31 Low 42 
M. aeruginosa vs  
pH 
+0.30 
 
Low 42 
M. aeruginosa vs  
Biochemical 
Oxygen Demand 
+0.30 Low 42 
M. aeruginosa vs  
Total Kjeldahl 
Nitrogen 
+0.24 Low 42 
M. aeruginosa vs 
Reactive 
Phosphorus 
-0.37 Low, inverse 42 
M. aeruginosa vs 
dissolved oxygen 
-0.065 Very low, inverse 40 
M. aeruginosa vs  
Total Phosphorus 
-0.098 Very low, inverse 42 
 
 
Total Organic Carbon (TOC) 
The bivariate analyses for chemical risk factors revealed a strong positive 
correlation between M. aeruginosa growth and TOC (Table 3.1. and Figure 
3.2.). TOC concentrations fluctuated between 2 and 20 mg/L throughout the 
year (Figure 3.3.).  
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Figure 3.2. Potentially toxic cyanophyte versus Total Organic Carbon 
correlation. 
 
Figure 3.3. Total Organic Carbon versus potentially toxic cyanophyte time-
trend over 12 months. 
 
Such a strong correlation between TOC and M. aeruginosa growth is significant, 
considering that nitrogen and phosphorus are usually regarded as the two key 
nutrients for the growth of aquatic photosynthesising organisms (Am et al., 
2016; Li et al., 2015).  
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This result for TOC mirrors that obtained for enterococci during the enterococci 
regrowth study previously performed on the Turkey Nest Dam (Derry & 
Attwater, 2014). That is, with optimum temperatures and a high availability of 
carbon, bacteria such as enterococci had the ability to regrow in the dam water. 
Given the presence of adequate N and P in recycled water, carbon which is 
required in large quantities during bloom production, may become the limiting 
bacterial nutrient (Derry & Attwater, 2014). This suggests that despite their 
ability to photosynthesise like true algal species, this toxic cyanobacterial 
species may have nutritional demands more similar to that of other bacteria 
compared to true algal species.  
 
The possibility exists that this strong positive correlation arises from the M. 
aeruginosa cells themselves contributing to the increased TOC concentration in 
the dam. This thesis study is based on the assumption that the dam is a closed 
ecological system in which the main, readily available carbon source was 
introduced by treated sewage as an external source. Atmospheric carbon is, 
however, another potential source available through photosynthetic carbon 
fixation (Aschonitis et al., 2013). In more advanced studies the potential role of 
all components of the carbon cycle would be considered. This could possibly be 
explored through laboratory simulations of this system.  
 
It should be noted that where discrepancy exists between extreme chemical 
parameter levels shown in linear bivariate correlation graphs and time trend 
graphs, this is as a result of outlier stripping relating to statistical correlation, as 
described under Methods. 
 
 
Total Nitrogen, NOx and TKN 
Nitrogen generally produced a moderate-to-low, positive-growth response, with 
TN producing the highest positive correlation out of TN, NOx and TKN (Table 
3.2. and Figures 3.4., 3.5., & 3.6.). The more ecologically stable forms of 
nitrogen such as nitrites and nitrates produced a marginally stronger growth 
response of M. aeruginosa compared to the unstable forms (organic nitrogen 
and ammonia as indicated by TKN) (Domini, et al., 2009).  
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Figure 3.4. Potentially toxic cyanophyte versus Total Nitrogen correlation.  
 
 
Figure 3.5. Potentially toxic cyanophyte versus Nitrite-N plus Nitrate-N (NOx) 
correlation.  
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Figure 3.6. Potentially toxic cyanophyte versus Total Kjeldahl Nitrogen 
correlation. 
 
Figure 3.7. Total nitrogen versus potentially toxic cyanophyte time-trend over 
12 months. 
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Figure 3.8. Total kjeldahl nitrogen and NOx (nitrite plus nitrate) versus 
potentially toxic cyanophyte time-trend over 12 months. 
 
 
Total Phosphorus (TP) and Reactive Phosphorus 
Phosphorus was not found to be critical for M. aeruginosa growth in the dam, 
with only very low negative correlations observed, which were reinforced in 
terms of the relevant time trend plot (Table 3.1. and Figures 3.9., 3.10. and 
3.11.). These results suggest that M. aeruginosa blooms are unlike algal blooms 
which have been shown elsewhere to be highly TP or reactive phosphorus 
dependent (Burford, McNeal & Smith, 2006; Li et al., 2014).  
 
This result agreed with the findings of Derry and Attwater (2014) for 
enterococcal (ENT) indicator for the same dam, suggesting that M. aeruginosa 
blooms may share some highly specific nutritional needs with other bacteria, 
despite their ability to photosynthesise like the eukaryotic algal species 
(Bañares‐España et al., 2013; Derry and Attwater, 2014).  
 
The existence of a negative relationship, which was stronger for 
orthophosphate, suggested that conditions which promoted strong algal growth 
might initially remove some of the carbon, limiting simultaneous cyanobacterial 
bloom.   
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Figure 3.9. Potentially toxic cyanophyte versus Total Phosphorus correlation. 
 
 
 
Figure 3.10. Potentially toxic cyanophyte versus reactive phosphorus 
correlation. 
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Figure 3.11. Total phosphorus and reactive phosphorus versus potentially toxic 
cyanophyte time-trend over 12 months. 
 
The low correlations between both nitrogen and phosphorus with M. aeruginosa 
growth in this study follows the trend of unexpected cyanobacterial responses 
to nutrient loading and depletion, given that that algal growth tends to be 
strongly linked to the availability of these nutrients (Li, et al., 2015).  
This result needs to be taken into account when implementing standard sewage 
treatment procedures in which nitrification-denitrification is encouraged by the 
addition of excess carbon in the form of sludge or methanol to an anaerobic 
stage of the treatment train. While this may remove nitrogen nutrient, limiting 
algal bloom, it may encourage toxic cyanobacterial bloom.  
TOC concentrations can also potentially be raised through the introduction of 
organic matter from deceased organisms or manure from the areas surrounding 
the dam (Derry & Attwater, 2014). 
 
It should be noted that some values for reactive phosphorus show minor 
exceedance for that of total phosphorus for the same samples. The laboratory 
(ALS Environmental) followed this up in quality control records and after 
repeating analysis advised that these were due to small inter-method 
differences within the expected variance limits for each test. 
 
Turbidity 
Turbidity had only a low positive correlation with M. aeruginosa numbers 
(Figure 3.12.). While increased turbidity has been previously shown to be 
useful in predicting overall viable HAB population numbers in field tests, the 
presence of other algal and cyanobacterial species in the dam (Refer to 
Appendix A), occurring at different times and driven by different nutritional 
needs, may have reduced the accuracy of this parameter in regard to predicting 
the growth of M. aeruginosa specifically (Eloff, Steinitz, & Shilo, 1976).  
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Figure 3.12.  Potentially toxic cyanophyte versus turbidity correlation. 
 
 
 
pH and DO 
A low positive correlation was also found between pH and M. aeruginosa 
numbers (Figure 3.13.). This is an expected relationship during bloom events 
involving photosynthetic organisms which remove carbon dioxide from the 
water resulting in a reduction in carbonic acid formation and hence an elevation 
in pH. 
 
DO had a very low negative correlation with M. aeruginosa growth (Figures 
3.14., and 3.15.). 
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Figure 3.13.  Potentially toxic cyanophyte versus pH correlation. 
 
Figure 3.14.  Potentially toxic cyanophyte versus dissolved oxygen correlation. 
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Figure 3.15. Dissolved oxygen versus potentially toxic cyanophyte time-trend 
over 12 months. 
 
The negative correlation with DO can be explained by the development of both 
hyper-oxygenated and severely anoxic conditions during the day and night 
respectively, and during different stages of a bloom. During major 
cyanobacterial blooms, severe anoxic conditions can develop at night from the 
effect of cyanobacterial respiration. Conversely, extremely high saturation of the 
water with oxygen can occur during the day when photosynthesis is adding 
excess oxygen to the system.  This may have been offsetting median daily 
oxygen demand due to respiration (Am, et al., 2016).  
 
These hyper-oxygenated and severely anoxic conditions can cause algal and 
cyanobacterial populations to suffer through fluctuations in pH (Backer et al., 
2015; Shi et al., 2007b). The removal of CO2 from the water under hyper-
oxygenated and acidic conditions can increase photooxidative sensitivity of the 
organism through enzyme inactivation within the cells (Eloff, Steinitz, & Shilo, 
1976). The necessity of a small amount of dissolved oxygen in the water for 
respiration means that severely anoxic conditions is also expected to be 
detrimental to cyanobacterial population numbers (Backer et al., 2015; Shi et al., 
2007b).  
 
With negative pressure being exerted on population numbers during both 
extreme scenarios, a low correlation between DO and M. aeruginosa can 
therefore be expected. The depletion of oxygen during the metabolism of carbon 
during growth may, however, best explain this negative correlation (Am, et al., 
2016). 
 
This relationship, however, may have been affected had DO percent saturation 
been used instead of concentration. The time of day that the sampling took place 
also varied and may have affected these results through action of the 
photosynthesis/respiration cycle (Backer et al., 2015; Shi et al., 2007b). These 
points have been noted for inclusion in future, more advanced study. 
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3.1.2. Climatological risk factors 
 
Table 3.2. Results of bivariate analysis of climate factors for potentially toxic 
cyanophyte growth. 
Pearson’s r 
correlations 
Pearson’s 
correlation 
coefficient (r) 
Strength of 
correlation 
Number of 
matched 
pairs (n) 
M. aeruginosa vs  
mean atmospheric 
temperature (4-day 
lag) 
+0.47 Moderate 42 
M. aeruginosa vs  
Rainfall 
(1-day lag) 
+0.34 Low 41 
M. aeruginosa vs  
water temperature 
+0.13 Very low 42 
M. aeruginosa vs  
solar exposure 
(2-day lag) 
-0.21 Low, inverse 42 
M. aeruginosa vs  
solar exposure 
(contemporaneous) 
-0.001 Very low, inverse 42 
 
 
Atmospheric temperature 
Atmospheric temperature incorporating a 4-day lag, as described by Derry and 
Attwater (2014), was the climatological factor correlating best with M. 
aeruginosa growth, yielding a moderate correlation (Table 3.2. and Figure 
3.16.).  
This emphasises the need for further research into the thermodynamic 
relationship between atmospheric temperature and water temperature 
throughout the column, to better understand how atmospheric temperature 
distinctly influences the growth of potentially toxic cyanobacteria. 
In terms of Figure 3.17., there is a strong seasonal relationship with both 
atmospheric temperature and growth, contributing to the strength of 
correlation.  
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Figure 3.16.  Potentially toxic cyanophyte versus temperature (4-day lag) 
correlation. 
 
 
Figure 3.17. Mean daily temperature versus potentially toxic cyanophyte time-
trend over 12 months. 
 
Water temperature 
Contemporaneous water temperatures had a lower strength correlation than air 
temperatures on M. aeruginosa numbers (Figure 3.18.). This may be because 
the water sample was only taken from one level of the water column about 1 m 
below the surface, whereas the bloom is known to vary its level in the column 
through flotation, to access optimal sunlight, temperature and food. While 
cyanobacteria do not have flagella, they exhibit vertical mobility by adjusting 
the gas content in flotation vesicles, rising in the water column to take 
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advantage of suitable temperatures near the surface for enzyme mediated 
reactions (Cao et al., 2006; Gu & Wyatt, 2016).  
 
While air temperature may, over a period, have a ubiquitous influence on 
general dam temperature and therefore growth, it is possible that the influence 
of short-term changes in water temperature in the upper column is buffered by 
algal floatation throughout the entire column.  This indicates a need for more 
advanced field research into the relationship between water temperature 
change and the measurement of optimal algal growth in the water column 
(Derry & Attwater, 2014). 
 
The result for contemporaneous water temperatures indicates that a lag time 
may be needed to transfer heat into the water column and to establish a growth 
response. Future studies may wish to account for the lag time of up to 4 days for 
these mechanisms to take place (Derry & Attwater, 2014). 
 
 
Figure 3.18. Potentially toxic cyanophyte versus contemporaneous water 
temperature correlation. 
 
Rainfall 
Rainfall was considerably varied across the year, exhibiting no obvious seasonal 
trend, except for a large spike in late May (Figure 3.19.).  
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Figure 3.19. Mean daily rainfall versus potentially toxic cyanophyte time-trend 
over 12 months. 
 
A one-day lag for rainfall indicated a low positive correlation M. aeruginosa 
growth, whereas contemporaneous values for rainfall were not found to 
correlate with growth (Table 3.2.). 
 
Nutrient runoff and inoculation of the water column with cyanobacterial spores 
are possible reasons for the positive correlation. In one study on Lake Rotorua, 
New Zealand, prolonged precipitation events lead to the movement of nutrients 
and sediments into the water column, thereby increasing water nutrient 
enrichment (Wood et al., 2017).  
 
In a study conducted in Brittany, France between 2009 and 2010, large fluxes in 
TOC, in particular, were recorded in surface waters originating from 
experimental agricultural plots fertilised with cow manure and pig slurry, 
immediately after precipitation events (Delpla et al., 2011). While this is 
evidence that nutrient runoff from precipitation can pose an issue in the control 
M. aeruginosa blooms, the effect of nutrient runoff may have been reduced 
significantly in the HWRS due to the raised construction of the Turkey Nest dam. 
This design limits the movement of excess water from the surrounding 
agricultural fields into the water column.  
 
Precipitation events do not always produce favourable conditions for 
cyanobacterial populations. The findings of the New Zealand study showed that 
intense rainfall could decrease population numbers or collapse the bloom 
completely. It was hypothesised that this was due to the flushing, dilution and 
destratification effect in the water column (increased turbidity was also 
reported during these times), though it should be noted that wind and 
convective cooling are also known to cause water column destratification 
(Wood et al., 2017).  
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Nutrient resuspension is also a key mechanism to consider in regard to 
assessing the impact of rainfall and storm events on cyanobacterial growth. It 
was suggested by the authors of the New Zealand study that during times of 
stable stratification, anoxic conditions in the lower, cooler water layers may 
develop, which promotes the release of nutrients such as Dissolved Reactive 
Phosphorus and Ammonia nitrogen NH4-N from the sediment below. This 
combined with long residence times was attributed to increased eutrophication 
of lakes (Wood et al., 2017).  
 
Such a nutrient unlocking process, however, may not have impacted 
significantly on M. aeruginosa growth rates in the HWRS because phosphorus 
and nitrogen had low correlations with M. aeruginosa growth in this study.  
 
Wind speed 
A low, inverse correlation between wind speed and M. aeruginosa growth was 
observed (Pearson’s r= -0.19). This may be because destratification events from 
wind have been shown to produce counteracting changes in M. aeruginosa 
growth. Bloom breakups have been observed to occur under intense wind 
(Blottière, et al., 2014). The superior phosphate acquisition and survival 
abilities of cyanobacterial species like M. aeruginosa under dark and anoxic 
conditions compared to other species may have provided M. aeruginosa a 
survival advantage under destratification conditions (Li, et al., 2015; Nesta, et 
al., 2014).  
 
Solar exposure 
Solar exposure values when contemporaneously matched with toxic 
cyanobacterial growth appeared to have no observable effect on population 
numbers, while a 2-day lag in solar exposure values produced a low negative 
correlation with M. aeruginosa growth (Table 3.2. and Figures 3.20. & 3.21.). 
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Figure 3.20. Potentially toxic cyanophyte versus contemporaneous solar 
exposure correlation. 
 
Figure 3.21. Potentially toxic cyanophyte versus solar exposure (2-day lag) 
correlation. 
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A number of possible explanations exist for the low correlation between M. 
aeruginosa growth and solar exposure, with 2-day lag period having a low 
negative effect on growth.  
 
As discussed under the section on water temperature, the sample was only 
taken from one consistent level below the water surface, whereas 
cyanobacterial populations undergo migration during daylight hours to a level 
in the water column at which an optimal level of sunlight is always received 
(Wu and Kong, 2009). This again suggests that advanced study relating bloom 
position and sunlight levels at various positions in the water column is needed. 
Another possible reason is that high sunlight levels as characteristically 
received for a large part of the year under temperate Australian conditions may 
be harmful to cyanobacteria in certain situations. Larger colonies of 
cyanobacteria are more likely to form scums throughout a greater range of 
sunlight intensities compared to smaller colonies (Wu and Kong, 2009). The 
eruption of large populations of cyanobacteria can therefore put stress on some 
M. aeruginosa strains that have evolved highly efficient photosynthesis 
mechanisms compared to other strains of cyanobacteria within the bloom 
community (Bañares‐España et al., 2013; Blottière et al., 2014). 
 
The light intensity from the Australian sun may have also been too harsh for 
aging M. aeruginosa populations. This is because M. aeruginosa populations are 
known to have impaired ability to regulate their buoyancy via gas vesicles as the 
bloom senesces (Blottière et al., 2014; Cao et al., 2006).   
Solar exposure experienced higher daily fluctuations compared to atmospheric 
temperature overall but was also observed to follow a seasonal pattern (Figure 
3.22.). 
Figure 3.22. Solar exposure versus potentially toxic cyanophyte time-trend 
over 12 months. 
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3.1.3. Co-factors for M. aeruginosa growth 
 
Bacterial co-factors 
 
Table 3.3. Results of bivariate analysis of bacterial co-factors for potentially 
toxic cyanophyte growth. 
Pearson’s r 
correlations 
Pearson’s 
correlation 
coefficient (r) 
Strength of 
correlation 
Number of 
matched 
pairs (n) 
M. aeruginosa vs 
Total Coliforms 
+0.82 Very High 42 
M. aeruginosa vs 
Escherichia coli 
+0.69 High 42 
M. aeruginosa vs 
Enterococci 
+0.41 Moderate 41 
 
As discussed previously, there is evidence that the survival of FIB may be 
enhanced through the protection against solar UV radiation by algal and 
cyanobacterial scums (Beckinghausen et al., 2014). Since testing for FIB 
provides an indication of the potential presence of pathogenic species of enteric 
bacteria in water bodies, such protection could alter the reliability of using FIB 
for this purpose (Heymann, 2015). To explore the relationship, bivariate 
correlations between FIB and M. aeruginosa growth, with FIB as dependent 
variable were carried out. 
 
In these correlations, total coliforms were found to have a very strong 
correlation with M. aeruginosa and bivariate analysis of E. coli and enterococci 
produced strong and moderate correlations with M. aeruginosa growth 
respectively (Table 3.3., and Figures 3.23., 3.24., 3.25., & 3.26.). 
The high correlations between M. aeruginosa and FIB indicate that M. 
aeruginosa may provide a survival advantage to FIB by potentially using M. 
aeruginosa scums for protection from UV radiation, given the significant 
prevention of light penetration from the scums and M. aeruginosa’s high 
tolerance to photooxidative stress (Am et al., 2016; Beckinghausen et al., 2014; 
Eloff, Steinitz, & Shilo, 1976). E. coli have been linked to eutrophic water 
because they have been demonstrated to attach to algae in laboratory cultures 
and feed off algal sugars (Gu & Wyatt, 2016).  
 
It is also possible that both M. aeruginosa and FIB are influenced by similar 
growth factors such as temperature, as well as TOC and dissolved oxygen 
concentrations, with favourable conditions producing simultaneous growth 
responses in both M. aeruginosa and FIB (Derry & Attwater, 2014). 
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Figure 3.23. Total coliforms versus potentially toxic cyanophyte correlation.  
 
 
Figure 3.24.  Escherichia coli versus potentially toxic cyanophyte correlation.  
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Figure 3.25.  Enterococci versus potentially toxic cyanophyte correlation. 
 
Figure 3.26.  Escherichia coli versus potentially toxic cyanophyte time-trend 
over 12 months. 
 
M. aeruginosa and enterococci growth are also both positively influenced by 
increased TOC concentrations in the dam, so increases in TOC in the dam could 
trigger simultaneous blooms of these organisms (Derry & Attwater, 2014). In 
this regard, there was an assumption in this study that TOC could act as proxy 
for bioavailable carbon, but in future, more advanced field and laboratory 
study of the relationship between TOC, Dissolved Organic Carbon (DOC) 
through field filtration, and bioavailable carbon, as most relevant source, is 
needed. Some indication of the validity of using TOC in this study is, however, 
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given by the strong correlation noted between this parameter and DO as 
biochemical co-reagents. 
 
There is also evidence from the DO bivariate analysis in this study of M. 
aeruginosa’s ability to survive in dark and anaerobic environments. It is 
therefore possible that M. aeruginosa could proliferate at the same time as 
facultative anaerobes such as E. coli (Nesta, et al., 2014). These species would 
both be capable of surviving both aerobic and anaerobic conditions, which may 
help to explain the strong correlation between the two, and the persistence of 
this particularly resilient cyanobacterial species in the Turkey Nest Dam (Nesta, 
et al., 2014; Shi, et al., 2007a).  
 
The bivariate analysis results for bacterial co-factors in this study provides 
further evidence that potentially toxic cyanophyte, as bacterial cells, may be 
much more responsive to bacterial growth factors compared to algal growth 
factors (Table 3.3. and Figure 3.24.).  
 
The complexity of interrelationships such as those discussed above in this 
bivariate study pointed to the need for a multiple regression analysis model to 
be established and tested, as discussed in the following section.  
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3.2. Multiple regression analysis of main risk factors  
 
The multiple regression analysis results generated using Minitab as discussed 
under methods are presented in Figure 3.27. and Table 3.4..  
 
 
Figure 3.27. Minitab® 18 printout of multiple regression analysis. 
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Table 3.4. Multiple regression analysis of potentially toxic cyanophyte with 
nine representative growth factors. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Environmental 
Parameter 
p-value t-statistic 
Dissolved Oxygen 
 
 
0.002 +3.47 
Total Organic 
Carbon unfiltered 
 
0.017 +2.52 
Biochemical Oxygen 
Demand 
 
0.055 -1.99 
Rainfall- 1-day lag 
 
0.060 +1.95 
Reactive 
phosphorus 
 
0.328 -0.99 
Solar exposure 
(kWhm2)  
 
0.434 +0.79 
NOx (Nitrite + 
Nitrate) 
0.485 -0.71 
Mean Daily 
Temperature- 4-day 
lag 
 
0.549 +0.61 
Total Kjeldahl 
Nitrogen 
 
0.706 +0.38 
Constant 
0.005 -3.03 
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The model generated is based on correlation of M. aeruginosa growth with DO, 
TOC, BOD, Rainfall (1 day lag), reactive phosphorus, solar exposure, NOx (nitrite 
plus nitrate), mean daily temperature (4 day lag), and TKN.  
 
The predictive power of the model incorporating the nine degrees of freedom 
was found to be highly significant (p=0.006), with nine variables accounting for 
34.15% of the overall population variability of M. aeruginosa cells, according to 
the adjusted R-square value (Figure 3.27.).  
 
Two variables yielded highly significant relationships with M. aeruginosa 
growth: DO and TOC, with p-values of 0.002 and 0.017 respectively. All other 
parameters tested did not reveal statistically significant correlation within the 
model. The high ranking of DO and BOD means that the carbon is being 
consumed during cyanobacterial respiration (Am et al., 2016). The pairing of 
TOC and DO in Table 3.4. is indicative of carbon availability for respiration 
being an important cause of potentially toxic cyanobacterial blooms, rather than 
merely an effect from the increased biomass loading in the dam during 
favourable growth events. 
 
This is a highly important finding because of the almost universal opinion in the 
water treatment sector that avoiding cyanobacterial (mis-named “blue-green 
algal”) blooms requires one approach, namely the reduction of nutrient nitrate 
and phosphate (particularly orthophosphate in the water). In attempting to 
achieve this, the position is exacerbated by the addition of a high carbon source, 
such as sludge or methanol, at an anaerobic location in the treatment train, to 
enhance nitrification-denitrification. 
 
This study suggests that while the existing treatment approach may reduce 
algae, it ensures the conditions required for cyanobacterial growth which have 
been seen in a number of studies to flourish in waters receiving highly treated 
effluent, and in which the occurrence of algal bloom appears to be under control 
(Li et al., 2015; Wang et al., 2018). 
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3.3. Assessment of proxy indicators for cyanobacteria 
During the design of this study, a question was posed about the strength of the 
relationship between the proxy indicators for cyanobacterial growth, as 
measured by the AquaFluor handheld Fluorometer, and reference laboratory 
confocal microscopy counts for M. aeruginosa.  
 
A bivariate analysis of the performance of this field monitor compared to the 
laboratory procedure was therefore conducted. This was done with a view to 
potentially bypass laboratory counts in field monitoring elsewhere, identify 
rapid methods for bloom evaluation for proactive interventions, and ultimately 
cut costs of monitoring. The identification of low cost approaches for assessing 
water quality may enable technology transfer to less industrialised countries. 
Co-factors Total Chlorophyll (TC) and Phycocyanins as measured by the field 
fluorometer were explored as proxy indicators for the presence of 
cyanobacteria, and correlated with independent laboratory counts using 
confocal microscopy, carried out by an independent, NATA-accredited reference 
laboratory. 
 
A strong positive correlation was observed between field monitored total 
chlorophyll and M. aeruginosa numbers, while the bivariate analysis of M. 
aeruginosa growth and phycocyanins yielded a moderate positive result (Table 
3.5. and Figures 3.28., & 3.29.). 
   
This suggests that relatively cheap and rapid measurement of cyanobacterial 
blooms is potentially possible using proxy indicators, although phycocyanin 
indicator is preferred as total chlorophyll would include Chl-a from algae as 
potential confounder (Slonczewski & Foster, 2011). 
 
Table 3.5. Results of bivariate analysis of fluorometer co-factors for potentially 
toxic cyanophyte growth. 
Pearson’s r 
correlations 
Pearson’s 
correlation 
coefficient (r) 
Strength of 
correlation 
n= 
M. aeruginosa vs 
Total Chlorophyll 
+0.60 High n=40 
M. aeruginosa vs 
Phycocyanins 
+0.50 Moderate n=35 
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Figure 3.28. Potentially toxic cyanophyte versus total chlorophyll correlation. 
 
 
 
Figure 3.29. Potentially toxic cyanophyte versus phycocyanin correlation. 
 
 
 
77 
 
These results were also compared to other laboratory analyses such as 
spectroscopy for Chl-a. Direct laboratory Chl-a measurements only possessed a 
moderate positive correlation with M. aeruginosa cell counts (Pearson’s r = 
0.52). 
 
This was a relatively weak result given the general acceptance of this test 
method in the scientific community for the measurement of total cyanobacterial 
cell concentrations (Figures 3.30. & 3.31.) (Macário et al., 2015; Weis et al., 
2007). This may be due to the general variation of cellular chlorophyll-a at a 
species level, as well as the specific chlorophyll-a fluctuations in the same 
strains of M. aeruginosa cells as a result of their photoprotective response to 
light intensity fluctuations by the manipulation of cellular pigments (Bañares‐
España et al., 2013).  
 
It was also suspected from the plot that this relationship was not linear, so 
bivariate analysis of M. aeruginosa and chlorophyll-a on a 10-logarithmic scale 
was performed (Figure 3.32.).  This analysis showed much more promising 
results, with a very strong correlation observed between log10 chlorophyll-a 
measurements and  M. aeruginosa cell counts (Pearson’s r = 0.82). When 
comparing the field AquaFluor Fluorometer/ Turbidimeter direct 
measurements of total chlorophyll with those of the laboratory 
spectrophotometer for chlorophyll-a, a strong positive correlation was observed 
between the two (Pearson’s r= 0.64).  
 
Although field fluorometry is likely to show greater experimental variation than 
cell counts and chlorophyll-a spectrophotometry performed in the laboratory, 
the strong correlations observed with this method have raised the possibility of 
the use of this comparatively inexpensive field monitoring to rapidly gain 
general daily estimates of M. aeruginosa levels in presumptive testing (Figure 
3.32. & 3.33.).  
 
This may allow field analysts to make the decision to order the more expensive 
confirmatory laboratory analyses of the water for chlorophyll-a and cell counts 
to determine M. aeruginosa concentrations in the dam. Future studies, however, 
may wish to use biovolume (adjusts for size differences through the estimation 
of the total volume taken up by each type of organism in mm3/L), rather than 
Chlorophyll-a as a more accurate determination of species loads to obtain 
reliable calibration charts (Macário et al., 2015). 
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Figure 3.30. Chlorophyll-a versus potentially toxic cyanophyte time-trend over 
12 months. 
 
Figure 3.31. Correlation between potentially toxic cyanophyte and laboratory 
Chlorophyll a measurement at linear chlorophyll a scale. 
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Figure 3.32. Correlation between potentially toxic cyanophyte and laboratory 
Chlorophyll a measurement at log10 chlorophyll a scale. 
 
Figure 3.33.  Correlation between laboratory spectrophotometer chlorophyll-a 
and field fluorometer total chlorophyll measurement. 
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4. Conclusions  
 
4.1. Key findings 
 
i) Linear, bivariate analysis indicated that total organic carbon, total 
nitrogen, nitrite-N plus nitrate-N, turbidity, pH, biochemical oxygen 
demand, total kjeldahl nitrogen, water temperature, atmospheric 
temperature, and rainfall positively correlate with M. aeruginosa 
growth in a Hawkesbury wastewater recycling dam. 
 
ii) Negative correlations were observed between M. aeruginosa and 
factors including dissolved oxygen, total phosphorus, reactive 
phosphorus, and solar exposure.  
 
iii) Escherichia coli, Enterococci and Total Coliforms were indentified as 
co-factors, with positive correlations being observed between these 
variables and M. aeruginosa cell counts.  
 
iv) The multiple regression analysis indicated that the main factors most 
predictive for M. aeruginosa growth were TOC and DO, when 
standardised for the influence of growth factors including BOD, 
Rainfall (1 day lag), reactive phosphorus, solar exposure, NOx (nitrite 
plus nitrate), mean daily temperature (4 day lag), and TKN. The 
pairing of TOC and DO is indicative of carbon availability for 
respiration being an important cause of potentially toxic 
cyanobacterial blooms, rather than merely an effect from the 
increased biomass loading in the dam during favourable growth 
events. 
 
This is a highly important finding in because of the almost universal 
opinion in the water treatment sector that avoiding cyanobacterial 
(mis-named “blue-green algal”) blooms requires one approach, 
namely the reduction of nutrient nitrate and phosphate (particularly 
orthophosphate in the water). In attempting to achieve this, the 
position may be exacerbated by the addition of a high carbon source, 
such as sludge or methanol, at an anaerobic location in the treatment 
train, to enhance nitrification-denitrification.  
 
This provides one possible reason why successful intervention to 
reduce algal blooms in Australia’s waterways and impoundments is 
sometimes followed by sudden Harmful Algal Bloom (HAB) 
occurrence, with associated intoxication of aquatic life.  
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v) M. aeruginosa blooms may share some highly specific nutritional 
needs with other bacteria, such as enterococci, despite their ability to 
photosynthesise like the eukaryotic algal species. M. aeruginosa and 
enterococci growth are both positively influenced by increased TOC 
concentrations in the dam, so increases in TOC in the dam could 
trigger simultaneous blooms of these organisms (Derry & Attwater, 
2014).  
 
There is also evidence from the DO bivariate analysis in this study of 
M. aeruginosa’s ability to survive in dark and anaerobic 
environments. It is therefore possible that M. aeruginosa could 
proliferate at the same time as facultative anaerobes such as E. coli 
(Nesta, et al., 2014). These species would both be capable of surviving 
both aerobic and anaerobic conditions, which may help to explain the 
strong correlation between the two, and the persistence of this 
particularly resilient cyanobacterial species in the Turkey Nest Dam 
(Nesta, et al., 2014; Shi, et al., 2007a).  
 
The bivariate analysis results for bacterial co-factors in this study 
provides further evidence that potentially toxic cyanophyte, as 
bacterial cells, may be much more responsive to bacterial growth 
factors compared to algal growth factors. 
 
vi) Performance analysis of the field Fluorometer/ Turbidimeter also 
revealed that while not as accurate as laboratory measurements of 
cell counts and chlorophyll-a, such an instrument may be used as a 
relatively inexpensive presumptive test for M. aeruginosa, and hence 
the anticipation of HAB occurrence. 
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4.2. Potential impact of this research  
 
This study has potential to bridge a number of knowledge gaps that relate to 
improving the safety of recycled wastewater as a vital resource for sustaining 
future agricultural irrigation. With further investigation as a result of this study, 
researchers may increase their accuracy and capability of predicting when a 
toxic cyanobacterial bloom is expected to occur within a recycled wastewater 
matrix under Australian conditions (NSW) and put meaningful controls into 
effect. Current sewage treatment processes such as carbon loading of water to 
effect nitrification-denitrification need careful examination if the present 
phenomenon of cyanobacterial bloom following successful algal removal is to be 
avoided in future. It is hoped that with this elucidation of the timeframes and 
conditions predictive of toxic cyanobacterial blooms in the HWRS, the 
groundwork will be set for the establishment of early interventions and pre-
emptive control strategies when dealing with potentially toxic cyanobacterial 
blooms in the future (Li et al., 2013). 
 
As the data were collected from a dam in a temperate location, under a similar 
climate to those affecting a large segment of the worlds’ population any 
technology or strategies arising from this research may be successfully 
transferred to food production areas in varying stages of development across 
the world (Miramichi, 2010). By contributing to the diversity of conditions 
under which toxic cyanobacterial blooms have been studied this study could 
improve the global understanding of what causes a toxic M. aeruginosa bloom. 
By later comparing across locations with different climate conditions, ongoing 
research efforts can investigate which risk factors remain the same ranking in 
significance, and which are fluid depending on climate or seasonality (Li et al., 
2013). 
 
This study may also strengthen the research potential of the Western Sydney 
University by promoting a more robust, collaborative, and interdisciplinary 
relationship between the Hawkesbury Water Recycling Scheme (HWRS), WSU 
staff and its students. Such a relationship is important if the processes involving 
gaining safe student access to the wastewater recycling system are to be 
streamlined for its utilisation as a classroom for advanced water quality 
research. The HWRS project can also lead to financial profits for the university if 
these preliminary results are to be published, as it would attract substantial 
external funding opportunities for current and future staff and students. 
Ultimately this will improve the collaborative research infrastructure available 
to students at the Western Sydney University, Hawkesbury Campus at a national 
and international scale. 
 
A more immediate potential impact of illuminating the most accurate risk 
management strategies for M. aeruginosa blooms in Australian wastewater 
sources is that it would increase the quality and financial value of this important 
resource. The Office of Estate and Commercial may eventually no longer need to 
withhold water supply if the occurrence of toxic cyanobacteria can be reduced 
in frequency and severity. The discovery of a potential relationship between M. 
aeruginosa and E. coli levels found in the Turkey Nest Dam means that concerns 
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regarding false positives when testing for faecal matter (which rely on FIB 
analyses such as Colilert) and the subsequent waste of money and resources 
trying to combat a non-existent problem has been raised and can now be 
further investigated. On a positive note, the possibility remains for FIB testing to 
be established as a cost-effective means of monitoring for impending toxic 
cyanobacterial blooms (Beckinghausen et al., 2014; Derry, & Attwater, 2014; 
Derry, Attwater & Booth, 2006, Van Apeldoorn et al., 2007).  
 
This study may also lead to technology transfer to field assessment in the 
industry, or to creating relatively inexpensive monitoring solutions in less 
technologically advantaged regions. Solutions produced in the area of toxic 
cyanobacterial control in recycled wastewater can greatly improve the 
reliability of this resource. By improving water quality reliability in Australian 
recycled wastewater dams, such research is vital in the continuing battle to 
improve the situations of farmers dealing with the current drought crisis across 
Australia.   
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Glossary 
 
Adenosine Triphosphate: A high-energy molecule produced by all living 
organisms to power cellular functions such as muscle contractions. It is made up 
of an adenosine molecule linked to three phosphate groups. When using the 
stored energy in ATP, this molecule is converted to Adenosine Diphosphate 
through the breakage of one of its high-energy phosphate bonds. 
Alkaline Phosphatase: An enzyme used to release phosphate in alkaline 
conditions and is produced in many types of living tissues.  
(NH3) Ammonia: Nitrogen sourced from ammonia. Ammonia is a pungent, 
colourless gas that is a simple stable compound consisting of nitrogen and 
hydrogen molecules. It is used as a precursor for a variety of commercially 
significant complex nitrogen compounds. 
(NH4+) Ammonium: A cation (NH4+), found in solutions of ammonia and salts 
made from ammonia. 
Anatoxin: A class of toxin produced by some species of cyanobacteria such as 
Anabaena, Oscillatoria, and Aphanizoomenon affecting the nervous system. 
Anatoxin-a is one of these toxins, colloquially called ‘sudden death factor’, and is 
known to affect pets, agricultural animals and wildlife.  
Bacteriochlorophyll: A photosynthetic chlorophyll present in anaerobic 
phototrophs (purple and green bacteria) that absorbs wavelengths most 
strongly in the far-red end of the light spectrum. 
Biological Oxygen Demand/ Biochemical Oxygen Demand: The amount of 
dissolved oxygen required to break down the available organic material by 
aerobic organisms present in a water sample at a set temperature and time-
period. Following the death of organisms in the water, organic compounds are 
decomposed by bacteria, resulting in the release of nutrients, including 
phosphate, nitrate and calcium. 
Biologically Activated Carbon: A carbon-based material used to remove 
dissolved organics from water bodies, such as drinking water sources by 
adsorption.   
Bivariate Correlation Analysis: A statistical technique used to determine the 
extent of association between a dependent and independent variable. In linear 
bivariate correlation analysis, this technique can reveal the strength and type 
(positive or negative) of linear relationship present between the two variables 
(denoted X and Y).   
Boosted Regression Tree: A machine learning, statistical regression technique 
using decision trees that enables the user to build a prediction model from 
multiple weak prediction models between many dependant variables and one 
independent variable. 
Colilert: A Defined Substrate Technology® method for the rapid enumeration 
of total coliforms and E. coli. The Colilert reagents contain a FIB selective growth 
substrate linked with a fluorogenic indicator (o-nitrophenyl β-D-
galactopyranoside, or ONPG) for the detection of Escherichia coli or a 
colorimetric indicator (4-methyl-umbelliferyl β-D-glucuronide, or MUG) for the 
detection of Total Coliforms. These indicators are released under the action of β-
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glucuronidase and β-galactosidase in E. coli and general coliforms respectively. 
A yellow colour change or a fluorescent reaction under an Ultraviolet lamp 
(depending on the type of indicator) can then be observed after a 24-hour 
incubation period.  
Cyanobacteria: One of the three main classes of phytoplankton. Also referred 
to as blue-green algae due to their blue-green and green photosynthetic 
pigments, cyanobacteria are photosynthetic prokaryotes, similar in size to true 
algae, and are ubiquitous around the globe.  
(CH4N2O) Urea: The main nitrogen-containing by-product of mammalian 
metabolism of proteins. Excreted in the urine, this compound is colourless and 
crystalline in structure.  
Destratification: The mixture of air or water, resulting in the breakdown of 
stratified layers of temperature, organic materials and organisms.  
Diatoms: Another of the three main classes of phytoplankton. Diatoms are non-
motile and drift through water under the action of currents. Their shells are 
made of materials different to that of dinoflagellates, with rigid structures 
composed of interlocking parts. 
Dinoflagellates: Another of the three main classes of phytoplankton. 
Dinoflagellates are motile due to their whip-like tails, called flagella. 
Dissolved Inorganic Nitrogen: The sum of nitrite (NO2), nitrate (NO3) and 
ammonia (NH3). 
Dissolved Inorganic Phosphorus: Soluble inorganic forms of phosphorus that 
include orthophosphates, polyphosphates (chain forms) and metaphosphates 
(ring forms) and constitute less than 10% of the total phosphorus volume in 
lakes. 
Dissolved Organic Phosphorus: DOP refer to a number of types of soluble 
organic phosphorus that are produced through the processes of excretion, 
decomposition, autolysis and cellular death.  DOP primarily includes P-esters, 
but also consist of other organic P molecules such as phytate, nucleic acids and 
phosphor-monoesters.  
Dissolved Oxygen: Oxygen dissolved into water through the processes of 
atmospheric diffusion, water aeration from turbulence and photosynthetic 
oxygen waste output from organisms in the water.  
Divalent Cation Chelation: The formation of bonds between divalent cations 
(Molecules with a charge of +2, such as Fe2+, and Ca2+) and chelator molecules 
such as EDTA in order to remove the ions from a solution. 
Enterolert: A Defined Substrate Technology® method for the rapid 
enumeration of Enterococci in water samples. The Enterolert reagent contains a 
FIB selective growth substrate linked with a fluorogenic indicator (4-methyl-
umbelliferyl β-D-glucoside) for the detection of Enterococci. A fluorescent 
reaction under an Ultraviolet lamp can be observed after the substrate has been 
metabolised by enterococci over a 24-hour incubation period.  
Euphotic Depth: The water depth and light intensity at which net 
photosynthesis (photosynthetic CO2 uptake minus respiration CO2 release) is 
1% of that observed at the surface. 
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Eutrophication: The enrichment of water with plant growth nutrients such as 
nitrogen and phosphorus, triggering the sudden explosion of algal or 
cyanobacterial populations in aquatic ecosystems causing water quality issues 
such as the depletion of dissolved oxygen.  
Exotoxins: A toxin produced and released into the surrounding environment by 
living bacterial cells. 
Faecal Indicator Bacteria: A group of bacterial species used to estimate 
mammalian faecal contamination in a water body. These species live harmlessly 
in the guts of mammals and are passed out in their faeces, but can be used as 
indicators of the possible presence of pathogenic species that can be 
transmitted via contact with faecal matter. Approximately 100 billion (1×1011) 
bacteria can be found in one gram of human faeces.  
Flame Ionisation Detector: A scientific instrument used to measure 
concentrations of organic species present in a stream of gas. FID is often used as 
a detector of molecules separated during the process of gas chromatography. 
Fluorescence: The process by which a substance absorbs light of a particular 
wavelength (in the form of X-rays or UV light), exciting its electrons, and then 
releases energy in the form of heat and light of a longer wavelength in either the 
visible or invisible light spectrum. 
Fluorometer: A scientific instrument used to measure the intensity of 
fluorescent output to determine variables such as substance presence or 
amount. 
Gas Chromatography: A scientific method used to separate and calculate 
concentrations of individual factions of a volatile mixture. In gas 
chromatography, an aliquot of the mixture is vaporised and injected into a 
column containing a carrier gas, such as helium or nitrogen, acting as the 
‘mobile phase’, and a liquid or particulate solid ‘stationary phase’. The different 
components in the mixture are then carried along and separated based on their 
individual affinity to both the mobile and stationary phases. A detection method 
such as Mass Spectroscopy or Flame Ionisation Detection can be used at the end 
of Gas Chromatography to determine concentrations and retention times of the 
factions leaving the column for measurement and identification purposes.  
Harmful Algal Bloom: The rapid growth of algal or cyanobacterial colonies in a 
water body that results in harmful, toxic or even deadly effects on humans, 
agricultural animals, pets or wildlife.  
Hawkesbury Water Recycling Scheme: Set up in the 1960s-1970s, and 
incorporating a system of 11 interconnected components, including dams (6), 
wetlands (2), tanks (2), and a detention basin, the HWRS aims to demonstrate 
the integration of effluent and stormwater reuse with constructed wetlands, and 
to develop community awareness of the importance of recycled wastewater in 
industries such as the agricultural industry. The HWRS is situated in Richmond, 
NSW, Australia.  
Heterocyst: Used as a site of nutrient fixation, a heterocyst is a large, 
transparent cell with thick walls and can be found in some cyanobacterial 
filaments.  
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Hormogonium: The part of the cyanobacterial filament that detaches and 
reproduces via cell division. 
Liquid Chromatography: A scientific method used to separate and calculate 
concentrations of individual factions of a non-volatile mixture. In liquid 
chromatography, an aliquot of the mixture is injected into a column containing a 
liquid, such as water, ethanol or hexane (choose based on desired polarity), 
acting as the ‘mobile phase’, and a solid ‘stationary phase’ (Silica gel can also be 
used). The different components in the mixture are then carried along and 
separated based on their individual affinity to both the mobile and stationary 
phases. A detection method such as Mass Spectroscopy or UV detection can be 
used at the end of Liquid Chromatography to determine concentrations and 
retention times of the factions leaving the column for measurement and 
identification purposes.  
Mass Spectroscopy: A scientific method used during the identification and 
structure determination of chemical compounds by separating the compounds 
into gaseous ions based on molecular mass and charge. 
Microcystin: Any toxin produced by cyanobacterial Microcystis species such as 
M. aeruginosa that acts as a hepatotoxin (liver toxin). These toxins affect a wide 
range of species, including humans, and can be produced in massive amounts 
during harmful algal blooms.  
Matrix Inversion: Instability of a multiple regression model caused by an 
equilibrium effect between an independent and dependant variable. That is, 
both parameters directly affect the values of the other. 
Multiple Regression: A statistical technique that uses multiple dependent 
variables in a standardised model built to predict the outcome of an 
independent variable. The strength of this model can then be assessed using a 
coefficient produced during the process.  
Mutant Type: Any allele observed that does not encode the most common 
phenotype observed naturally in a given population. 
National Association of Testing Authorities, Australia (NATA): An 
association that accredits laboratories, conducts inspections, calibrations and 
proficiency tests, produces certified reference materials, and acts as the sole 
compliance monitoring authority for the OECD Principles of GLP for scientists 
and laboratories across Australia. A NATA accredited laboratory can ensure that 
results produced are accurate, reliable, and meet Australian quality standards 
for their clients relying on this data.  
(NO3− ) Nitrate: a salt or ester derived from nitric acid that contains the anion 
NO3− or NO3 group. 
(NO2− ) Nitrite: a salt or ester derived from nitrous acid that contains the anion 
NO2− or NO2 group. 
Pearson’s product moment r correlation: A statistical method (denoted by r) 
used to determine the strength and type (positive or negative) of linear 
relationship present between a dependent and independent variable. This 
technique aims to produce a line of best fit through the data, and the Pearson 
correlation coefficient, r, calculates the residuals of this line (residuals indicate 
how closely the data points fit the trendline). The Pearson correlation 
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coefficient, r, is a value ranging between +1 and -1, where a value of 0 indicates 
no correlation between the two variables, positive values indicate a positive 
correlation (as the value of the dependent variable increases, so does the value 
of the independent variable) and negative values indicate a negative correlation 
(as the value of one variable increases, the value of the other variable decreases, 
and vice-versa). 
Phosphorus: Phosphorus is found in many forms in wastewater and is a major 
nutrient for living organisms. Phosphorus forms include dissolved 
(orthophosphate), inorganic (reactive plus condensed or acid hydrolysable 
phosphate) and organically bound forms. Total phosphorus measured as the 
sum of all forms of dissolved or particulate phosphorus (reactive, condensed 
and organic phosphorus) present in a sample. 
Photoperiod: Also known as day length, photoperiod refers to the length of 
time each day (24-hour period from 12AM-12PM) that daylight is available to 
an organism. 
Phytoplankton/Microalgae: The three main classes of phytoplankton are 
cyanobacteria, dinoflagellates and diatoms. The organisms are autotrophic and 
can be either eukaryotic (containing a nucleus and membrane-bound 
organelles) or prokaryotic (do not contain a nucleus or membrane-bound 
organelles). They share similarities to terrestrial plants such as the ability to 
perform photosynthesis and the presence of cellular chlorophyll, but tend to live 
in colonies in the upper water layers where there is abundant light availability 
in freshwater lakes and rivers, and in the oceans. Other nutrients required for 
the production of proteins, fats and carbohydrates by phytoplankton include as 
nitrates, phosphates, and sulphur. 
Polyphosphate (PolyP): Incorporating linear or cyclic ring structures, 
polyphosphate is a salt or ester derived from phosphate (tetrahedral PO4 
structural unit chains connected with oxygen atoms). PolyP can be stored as a 
phosphorus source in living tissue. 
Potentially Toxic Cyanophyte: Cyanobacteria that may produce an array of 
potent toxins affecting the liver and neurological systems. These toxins can kill a 
variety of organisms such as zooplankton, shellfish, fish, birds, marine 
mammals, agricultural animals, pets and humans through either direct or 
indirect contact with contaminated water and food products. 
Reactive Phosphorus (Orthophosphate proxy): Also known as 
orthophosphate, reactive phosphate is the soluble, inorganic fraction of 
phosphorus (this fraction can be filtered from water), directly assimilated into 
plant cells. It is produced through the processes of rock weathering and the 
decomposition of organic material. 
Redfield molar ratio (DIP: DIN ratios): Refers to the ratio of Nitrogen: 
Phosphorus concentrations present in an ecosystem. A Redfield Ratio of 16:1 is 
optimal for the growth of phytoplankton. Nitrogen limitation is often indicated 
by low Redfield molar ratios, whereas higher ratios can indicate phosphorus 
limitation in phytoplankton. 
Redox Potential: Reduction/Oxidation potential, is a measure of a chemical 
species’ affinity for electrons in volts, compared to hydrogen, set at zero. 
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Substances with a higher positive value have a higher likelihood of being 
reduced (gaining electrons).   
Saxitoxins: Constituting the most well-known paralytic shellfish toxin, 
saxitoxins are produced by some potentially toxic cyanophyte and cause 
paralytic shellfish poisoning in humans upon the ingestion of shellfish that have 
come into contact with toxic cyanobacterial blooms.  
Solar noon: When the sun can be observed as being at its highest altitude in the 
sky (often referred to as midday). The local time that this occurs differs based 
on location and the time of year. 
Standard deviation outlier analysis: A statistical method used to identify 
outliers (values that do not fit the observed trend, possibly due to human or 
instrument error) in a dataset. Outliers are identified by calculating mean and 
standard deviation of the dataset. If the value lies a certain number of standard 
deviations outside of the mean, then that value is removed from the dataset as 
an outlier.  
Stromal surface: The surface on the thylakoid membrane containing 
compartments of ribosomes, enzymes, pigments and DNA, where light-
independent photosynthesis reactions such as CO2 fixation occur. 
Sulfuric Acid: A strong acid derived from the oxidation of sulphur dioxide. It is 
used extensively as a reagent in industrial and laboratory applications, such as 
use as a preservative. When concentrated, this liquid is oily, dense, and highly 
corrosive. 
Thylakoid membrane: A membrane on the thylakoid where light reactions 
occur in photosynthetic cells. The thylakoid contains two photosystems: 
Photosystem I (PSI) and Photosystem II (PSII). The slightly different proteins 
and chlorophyll pigments in these two photosystems allow for the absorption of 
a wider range of light energy.   
Total Kjeldahl Nitrogen (Unstable forms of N such as Organic-N and 
Ammonia-N): The total organic nitrogen, reduced nitrogen and ammonia 
concentration in a sample. 
Total Nitrogen: Nitrogen is a major nutrient required for protein, carbohydrate 
and fat synthesis in living tissues. Total Nitrogen is measured as the sum of 
Total Kjeldahl Nitrogen (ammonia, organic and reduced nitrogen), nitrate and 
nitrite. This is done by determining the concentration of organic nitrogen 
compounds, free-ammonia, nitrate and nitrite individually and then adding 
these values together. 
Turbidimeter: A scientific instrument used to measure the turbidity (in terms 
of surface area of suspended particles) of a sample of liquid. 
Wild Type: Any allele observed that encodes the most common phenotype 
observed naturally in a given population. 
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Appendix A 
 
Table A.1. Turkey nest conditions and cyanobacterial species detected. 
Date Turkey Nest dam image and cyanobacterial species 
observed by ALS Environmental cell counts 
(Chroococcales and Oscillatoriales) 
M. 
aeruginosa 
level 
(cells/ mL) 
12/07/16 
Cyanobacterial species observed: Microcystis spp., M. 
aeruginosa, Romeria spp., Pseudanabaena spp. 
70 
24/10/16 
Cyanobacterial species observed: None 
<5 
100 
 
31/10/16 
 
Cyanobacterial species observed: Microcystis spp., M. 
aeruginosa, cf. Synechococcus spp. 
10 
08/11/16 
 
Cyanobacterial species observed: None 
<5 
15/11/16 
 
Cyanobacterial species observed: cf. Synechococcus spp., 
Pseudanabaena spp. 
<5 
101 
 
21/11/16 
 
Cyanobacterial species observed: Microcystis spp., M. 
aeruginosa, cf. Synechococcus spp., Pseudanabaena spp. 
920 
28/11/16 
 
Cyanobacterial species observed: Microcystis spp., M. 
aeruginosa, Pseudanabaena galeata 
17,800 
08/12/16 
 
Cyanobacterial species observed: Microcystis spp., M. 
aeruginosa, Pseudanabaena mucicola 
377,000 
102 
 
16/12/16 
 
Cyanobacterial species observed: M. aeruginosa, 
Pseudanabaena mucicola, Pseudanabaena spp. 
13,3000 
13/01/17 
 
Cyanobacterial species observed: Microcystis spp., M. 
aeruginosa, Pseudanabaena spp. 
4,300 
103 
 
20/01/17 
 
Cyanobacterial species observed: Microcystis spp., M. 
aeruginosa, Romeria spp. 
950 
03/02/17 
 
Cyanobacterial species observed: Microcystis spp., M. 
aeruginosa, Pseudanabaena mucicola, Pseudanabaena 
spp. 
24,700 
10/02/17 
 
13,000 
104 
 
 
Cyanobacterial species observed: Microcystis spp., M. 
aeruginosa, Pseudanabaena mucicola 
17/02/17 
 
Cyanobacterial species observed: Microcystis spp., M. 
aeruginosa, Pseudanabaena mucicola, Pseudanabaena 
spp. 
4,600 
24/02/17 
 
28,000 
105 
 
 
Cyanobacterial species observed: Microcystis spp., M. 
aeruginosa, Pseudanabaena mucicola, Pseudanabaena 
spp. 
03/03/17 
 
Cyanobacterial species observed: Microcystis spp., M. 
aeruginosa, Pseudanabaena mucicola. 
16,000 
10/03/17 
 
Cyanobacterial species observed: Microcystis spp., M. 
aeruginosa 
220 
106 
 
17/03/17 
 
Cyanobacterial species observed: Planktolyngbya minor, 
Microcystis spp., M. aeruginosa 
220 
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Appendix B 
 
Table B.1. Table used to interpret Pearson’s r Correlation Coefficient. 
Calculated Correlation Coefficient 
(r) 
Interpretation 
0.80 -0.99 very high correlation 
0.60 - 0.79 high correlation 
0.40 - 0.59 moderate correlation 
0.20 - 0.39 low correlation 
0.01 - 0.19 very low correlation 
 
